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ABSTRACT 

 
Cadmium (Cd) is harmful to plants as well as animals and causes serious threats to 

human health. Thus, it is imperative to understand the mechanisms of Cd effects through 

Cd-induced physio-biochemial determinations as well as its accumulation, transportation 

and the relationships with growth, antioxidant systems and the mineral nutrients. 

Furthermore, the contribution of exogenous sodium nitroprusside (SNP) in alleviating the 

Cd toxicity in wheat is largely unknown and needs to be dissected. The experiments were 

conducted using different Cd (control, 0.3, 0.6, 0.9 and 1.2 mM) regimes without or with 

an exogenous nitric oxide (NO) donor, SNP (0.15 and 0.30 mM) on four cultivars of 

wheat (Punjab-2011, AARI-2011, Millat-2011 and Sehar-2006). The exogenous 

application of SNP was efficient in recovering growth of Cd-stressed wheat plants. Cd 

reduced the growth attributes, chlorophyll contents, gas exchange attributes, total 

flavonoids, anthocyanin contents, leaf relative water contents (LRWC), essential 

nutrients, total phenolics, soluble proteins, and grain yield components while increased 

leaf relative membrane permeability, total free amino acids, proline, glycinebetain (GB), 

reducing and non-reducing sugars, ascorbic acid, malondialdehyde (MDA), hydrogen 

peroxide (H2O2) and the activity of ascorbate peroxidase (APX), catalase (CAT), 

peroxidase (POD) and superoxide dismutase (SOD)  irrespective of wheat  cultivars.  

More effective level of SNP was 0.30 mM which under Cd stress improved growth and 

physiological attributes of wheat plants. Punjab-2011 and AARI-2011 showed better 

performance than Millat-2011 and Sehar-2006 in Cd-stress environment. NO exogenous 

application was useful to improve shoots and roots fresh and dry biomasses, chlorophyll 

contents, photosynthetic rate, total flavonoids, anthocyanin contents, LRWC, uptake  of  

essential nutrients, total phenolics, soluble proteins, and grain yield components under Cd 

stress. Moreover, NO inverted the toxic effects of Cd on leaf relative membrane 

permeability, total free amino acids, proline, glucose and sucrose, MDA, H2O2 and the 

activities of APX, CAT, POD irrespective of wheat cultivars. Overall, the results 

elaborated that exogenous NO recuced the Cd toxicity in wheat. 
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Chapter 1 

INTRODUCTION 
   

Agricultural soils particularly the nearby urban and peri-urban farmlands are becoming 

toxic to plants due to addition of heavy metals at toxic levels (Wuana and Okieimen, 

2011). The main reasons are the non-judicial and extensive use of phosphate fertilizers, 

industrial and sewage waste water. When vegetables and food crops are grown in such 

soils, they are accumulated at toxic level and further added in the food chain. Among 

these metals, cadmium (Cd) is one of the most plentiful and readily taken up heavy metal; 

therefore, it’s of great concern (Arora et al., 2008). In soil normal concentration of Cd 

ranges from 0–1 mg Cd/kg, while 1 to 3 mg Cd/kg causes slight contamination 

contamination. Cd over-accumulates in plant with an enrichment ratio (ER) ranging from 

1 to 10 (Wuana and Okieimen, 2011). Food and Agriculture Organization (FAO) 

suggested highest bearable intake of Cd of 400 to 500 mg per week or equal 70 mg per 

day. About 60 to 80% toxicity of heavy metals is in people living in urban areas possibly 

due to the use of contaminated food. 

The Cd is mostly used in batteries, metal plating, and paints (Plachy, 2003). There are 

plenty of sources for the Cd released into the environment as iron foundries, zinc mining, 

phosphate and fertilizers, using sewage sludge impurities. Further, products of Cd are 

thrown out usually with domestic waste instead of recycling it, and thus discharge from 

these sources increases Cd concentration in the environment.  The Cd production has 

increased during the years 2010 to 2011 (Hayes, 2012). The human activities are the 

major environmental issue globally which are responsible for the addition of Cd in the 

biotic system; mainly in the agricultural ecosystems (Chen et al., 2007). The Cd polluted 

areas of agricultural soils has increased alarmingly in various countries (Williams et al., 

2009).  

The unnecessary utilization of inorganic fertilizers particularly phosphate fertilizer is 

mainly responsible for Cd addition in the agricultural systems (Adriano, 2001). 

Phytoextraction reduced the addition of Cd in the soil. However, if additions are not 

stopped, the gathering of Cd in the soil could enhance. In the food chain, plants are the 

primary producers and sources of Cd uptake for humans and animals because they store 
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Cd in the edible parts. Without showing toxicity symptoms, Cd is accumulated in healthy 

plants (Lopez-Millan et al., 2009). However, metals contamination is a harsh ecological 

problem that reduces the plants yield and is also harmful to the humans and animals 

health. Organic molecules become a part of the environment after decomposition but 

metal residues stay in the atmosphere. 

Cadmium (Cd) was found in the body of people living in the Cd polluted areas who used 

drinking water, food and vegetables polluted with Cd. Cd containing foods cause chronic 

Cd toxicity and also dysfunction the kidney tubule and reduce the bone density (Godt et 

al., 2006). Cereals and vegetables are responsible for 80% transfer of Cd into the human. 

The existence of Cd in the atmosphere is responsible for large number of diseases 

(Nishijo et al., 2006). According to Ruiz et al. (2009), the long half life of Cd is 

responsible for its persistence in the environment and also provokes its toxicity.  

From the soil, plants uptake Cd naturally. Non-specific pathways incorporate the Cd in 

plant tissues. According to the Palmgren et al. (2008) cadmium (Cd) and zinc (Zn) are 

considered similar and Clemens (2006) reported that through the transport channels of 

zinc in the membrane it incorporates in or between the plant tissues. But it is thought that 

the transport of Cd is due to the transporters of calcium and iron (Hirschi et al., 2000). 

Cadmium (Cd) is involved in causing cancer and it has serious effects on plants (Nawarot 

et al., 2006). For plants life, Cd is extremely toxic; it causes reduction of growth. 

Cadmium in higher concentration is involved in generating free radicals which cause 

oxidative stress (Shekhawat et al., 2008). Cd stress disturbs plant water relations and 

nutrients acquisitions thereby reducing photosynthesis (Razinger et al., 2008). Further, 

the interactions of Cd with hormones could alter the hormonal balance and thus inhibit 

growth of plants (Laspina et al., 2005). 

Cd induced oxidative signals at root membranes get exhaustive at toxic Cd levels to bring 

out programmed cell death (PCD). Furthermore, several factors are involved for the 

nutrients accessibility of soil-nutrient-plant system. A great amount of toxic heavy metals 

including Cd are added by the extensive use of fertilizers, waste water etc., are often used 

to precondition the soils (Wahid et al., 2009). Plants have capacity to take Cd and transfer 

it to different parts (Kabata-Pendias and Pendias, 1992) which cause different symptoms 

like chlorosis, necrosis, and reduced growth (Mohamed et al., 2012). In the roots of 
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lettuce, active uptake of Zn and Cd was observed (Costa et al., 1994). There are some 

reports which show that by enhancing sulfate uptake Cd toxicity can be reduced by an 

increased glutathione production (Van de Mortel et al., 2008). 

Nitric oxide (NO) is a bioactive molecule which regulates many developmental and 

physiological processes in the plants including pathogen defence and PCD (Setia & Setia, 

2006). Further, there are several reports which demonstrate that it can mitigate toxic 

effects of heavy metals (Tian et al., 2007). The exogenously applied NO provided 

resistance for different heavy metals in diverse plant species. NO can decrease Cd 

accumulation or can attenuate metal-induced oxidative stress. Alternatively, Cd stress 

decreased NO contents in the Medicago truncatula, Pisum sativum and Oryza sativa. NO 

production has a time and dose depended effects in plants exposed to Cd stress. Low NO 

production in some cases is due to Cd-mediated down regulation of NOS-like enzyme 

activity linked with Ca2+ shortage in the leaves. The concentration of NO decides its 

beneficial effects (Laspina et al. 2005). The contribution of exogenous NO in protecting 

plants against oxidative stress is also suggested (Kopyra et al., 2006). It was hypothesized 

that foliar application of SNP, a NO donor could modulate the Cd toxicity in wheat. 

Objectives 

 To examine morphological, physiological and biochemical responses of wheat 

cultivars to exogenous SNP under Cd stress 

 To find-out any relationship between NO accumulation and biomass production in 

the Cd stressed wheat plants 

 To determine the effective level of exogenous SNP for reducing the Cd toxicity in 

wheat. 
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Chapter 2 

 

REVIEW OF LITERATURE 

 

The heavy metals are involved in the soil pollution which is a serious environmental issue 

due to its unfavourable biological impacts. Naturally a very low amount of heavy metals 

is present in the soil. However, due to their widespread occurrence, acute and toxic 

properties they are recognized as soil pollutants. Heavy metals in toxic quantity are not 

documented in the soil of agriculture. The Cu, Pb and Zn are mostly originating in the 

agricultural soils (Jamal et al., 2002). Cd is considered a main problem amongst the 

heavy metals because it has relatively elevated mobility in the soil and even at low 

quantity exerts toxicity to biota (Das et al., 1997).  Cd is considered as an unnecessary 

metal and has no metabolic usage. Naturally, in the soil, it is found in trace amounts but 

there are some reports which indicate that high amounts of Cd are also present in some 

soil environments.  

2.1 Bioavailability of Cd 

The accessible part of the total amount of a substance to receptor cells is known as 

bioavailability. There is major concern to this accessible quantity alternatively the total 

quantity of Cd in the soil regarding its accumulation and absorbance in plants. In soil, 

various factors affect the bioavailability of Cd (Jung, 2008). The ability of plants to 

assume Cd is affected by these factores Cd (Mcbride, 1989). Further, pH and organic 

matter of the soil affected Cd uptake indirectly being an important factor (Mcbride et al., 

1997; Kim et al., 2009). Cd transport is also high in the soils of acidic nature. Alternative 

use of a variety of fertilizers can improve the transport of Cd by declining pH. The 

translocation of Cd can be changed by the presence of other ions. This modification can 

be done by the formation of complexes, ionic strength and competition (Tlustos et al., 

2006). The magnesium, manganese, calcium and zinc are cations which compete with Cd 

for its uptake. 
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2.2 Uptake, transport and distribution of Cd in plants 

In higher plants, Cd level in the soil and its biological availability determine the Cd 

absorption and it is found that there are many factors that affect the Cd absorption. There 

are other ions that compete with Cd for its uptake. Usually smplastic transport of Cd 

occurs through phloem pathway.  

2.2.1 Cd translocation in plants 

From the soil, Cd is taken by plants then through roots it moves to the aerial parts of the 

plant. Through cortical tissues, it enters into the root and via symplastic or apoplastic 

ways it gets into the xylem tissue. Symplastically through plasmodesmatal associations in 

the root cells, it enters into the stele (Lux et al., 2010). PIB-ATPases are involved for the 

transport of it into the xylem from symplasm (Mills et al., 2004). In the transport of metal 

ions these proteins take part. There are two groups of heavy metal ATPases: for the 

translocation of cations one group is involved and there is another group which transports 

divalent cations (Verbruggen et al., 2009). Protein (yellow-stripe 1-like) is reported to 

facilitate Cd to enter the root cell in the form of Cd chelates.  

2.2.2 Cd translocation through phloem into grains 

In root, Cd is found in higher quantity than in the shoot which indicates that in majority 

of plants, there is limited Cd translocation to the xylem and that is why it is found in 

fewer amounts in tubers, fruits and seeds. Lux et al., 2010 reported that in the phloem 

tissues Cd is not rapidly transported. Until now, there is no Cd carrier found for its 

transport in the phloem. On the other hand, it is reported that in the grains of rice, almost 

100% Cd is deposited through phloem (Tanaka et al., 2007). Fujimaki et al. (2010) found 

that nodes are involved for the transport of Cd from xylem tissue to phloem tissue. 

Through the neck of panicle, translocation of Cd into phloem shows genotypic 

differences (Kato et al., 2010). For phloem, Cd transportation into the grains occurs 

through the carrier at nodes. There is an OsLCT1 gene for Cd translocation in rice which 

is similar to the LCT1 gene of wheat (Clemens et al., 2002). On the membrane of cell, 

this gene encodes for the transporters of Cd efflux. During reproductive phases, its 

expressions are thought to be greater for leaf cutting edges and in the nodes.  
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2.2.3 Cadmium (Cd) uptake via cell membrane associated transporters 

In plants, for metals, there are many transporters which have divalent transition. For 

Mn2+, Zn2+ and Fe2+ a ZIP family carrier AtIRT1 is involved for the Cd uptake as 

reported (Vert et al., 2002). In rice plants, there is Fe absorption in the form of iron 

phytosiderophore but in Arabidopsis there is AtIRT1 transporters for the uptake of iron 

(Romheld and Marschner, 1986). According to Ishimaru et al. (2006), transporters have 

also been discovered for the Fe. For the transport of Cd, there is a protein carrier in the 

plants. Nevo and Nelson (2006) reported that these are found both in shoot and root and 

that is why they are considered as ‘general metal ion carriers’ (Kramer et al., 2007). 

Verbruggen et al. (2009) considered that efflux of Cd from vacuole Narmp3 and 4 

proteins are responsible and according to Oomen et al. (2008) in the Thlaspi caerulescens 

shoot and root these are over expressed. Takahashi et al. (2011) reported that in rice 

OsNramp1 gene is the Fe carrier.  

2.3 Toxicity of Cd in plants 

Adverse environmental conditions have to face and tolerate by the plants due to their 

sessile nature. Because of stressful atmospheric conditions, two third of the yield of 

important crops is reduced (Bray et al., 2000). Tie et al. (2006) reputed that heavy metals 

accumulated in the grasses and vegetable crops. The soil is contaminated by these 

hazardous heavy metals. Cd has high toxicity and solubility in the water and that is why it 

is considered as a more dangerous contaminant. 

2.3.1 Cd effects on plants  

There are a lot of heavy metals that cause destructive and detrimental effects in plants, 

animals and humans. According to Larsson et al. (1998) there are many physiological 

mechanisms that are altered by metals. For example, alterations in the process of 

photosynthesis, enzymes activity and chlorophyll contents and pigments synthesis are 

reported (Kanoun-Boule et al., 2009). Benavides et al. (2005) reported that some metals 

have the ability to reduce the transport of manganese and stimulate chlorosis. 

There are several toxic effects of metals including altered metabolic activities (Alscher et 

al., 1997) and DNA replication and transcription. Groppa et al. (2008) studied that in 

plants, the roots growth is also inhibited by Cd. According to Krupa and Baszynski 
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(1995; Perfus-Barbeoch et al., 2002), the assimilation of carbon is decreased by Cd that 

causes closure of stomata.  

Heavy metals also affect the association between plant and water and by repressing the 

root hair establishment that cause an instantaneous decline in the surface area of 

absorption. In maize plants Cd stress reduce the water content and fresh biomass which is 

reported by some researchers (Drazkiewicz et al., 2003). Due to disturbed water balance, 

decrease in the solute potential and turgor potential is reported.  

2.3.2 Role of Cd in ion uptake  

There are many factors which are involved for the accumulation of Cd as described by 

Murillo et al. (2002). Both primary and secondary hazardous effects are caused by Cd 

(Romero-Puertas et al., 2002) which includes disparity in the nutrients uptake (Prasad and 

Hagemeyer, 1999). On the other hand, according to the United State Department of 

Energy (1997) in sunflower little information are reported about the Cd impact on 

imbalance of nutrient uptake.  

In plants, the Cd affects the nutrient uptake, disparity and the assimilation of certain ions 

(Fe, Ca, Mg and K) (Arshad et al., 2016). For instance, when Cd is absorbed by the 

plants, only a part of it is transported to the shoot and other stays in the plant roots. 

Earlier, Sandalio et al. (2001) reported that Cd causes a significant decline in the calcium 

content in leaves. In pea plants the nutrient uptake is affected by 50 mM CdCl2 amount of 

Cd in the nutrient solution. Alternatively, as described by Rodriguez-Serrano et al. (2009) 

it caused increase in the sulfur content but it has no affect on the sodium content. The 

nitrogen, sodium, phosphorus and potassium assimilation is reduced by Cd (Narwal et al., 

1993). On the other hand, Cd cause no change in the uptake of phosphorus is reported by 

Nocito et al. (2002).  

2.3.3 Cadmium (Cd) induces oxidative stress  

Cd cause toxic effect in plants and is considered as a non-redox metal. Shekhawat et al. 

(2008) reported that it generates ROS which affects the tissues of plant, thus causing 

oxidative stress. Ekmekci et al. (2008) described that the oxidized proteins and lipid 

peroxides are main factors which cause the oxidative stress. According to Verma et al. 

(2008) it alters the membranes associated H+ATPases and its functions (Fodor et al., 

1995). As described by Maksymiec, (2007), the components of membranes are altered 



8 

due to build-up of higher MDA levels (Romero-Puertas et al., 2002). Further, ROS 

damage proteins, nucleic acid and pigments and reduce growth of plants. Whereas, under 

normal conditions appropriate concentration of ROS is present (Verma and Dubey, 2003) 

and thus never cause the oxidative burst. 

2.4 Tolerance mechanisms against Cd toxicity in plants 

Plants have both enzymatic and non-enzymatic antioxidants which are involved in the 

plant–metal associations. At rhizosphere, roots are exposed to contamination. However, 

there are two classes of metal tolerance: one is escaping and other is tolerance 

procedures. In escaping system there is reduced uptake of the heavy metal which 

excludes it from the plant tissues. The metal bonding to proteins, peptides, or amino acids 

enhance plants capacity to tolerate metals. Plants have a number of defensive 

mechanisms in response to Cd toxicity. 

2.4.1 Exclusion and immobilization mechanisms 

Plants firstly activate defensive mechanism at the root level. The Cd diffusion into the 

matrix of cytoplasm is prevented during the exclusion mechanism. The restriction in the 

wall of the cell is caused by another mechanism. Szalai et al. (2002) reported that shoots 

receives only small amount mostly Cd retains in roots.  

2.4.2 Cellular mechanisms 

Hall, (2002) reported that various mechanisms are present at cellular level in plants to 

detoxify and tolerate metal stress. Peroxidases in the cell wall are involved at various 

levels (Chen and Kao, 1995). They take part in the synthesis of lignin and making the 

wall rigid (Cosgrove, 1997). Lignin is derived from mono-meric precursors (Lee et al., 

2007). The lignification of cell wall is due to abiotic and biotic stress (Katerji et al., 

1997). In rice seedlings salt stress reduced the roots growth but the activity of 

peroxidases increases it (Lin and Kao, 2001). Under heavy metals stress about the 

activity of peroxidases there is not enough information.  

2.4.3 Molecular mechanisms 

At molecular level, according to Rivetta et al. (1997) there is the disruption of essential 

elements. Schutzendubel and Polle (2002) reported that there is overloading of vital 

valuable groups in bio-molecules. In every section of the cell there is the production of 

ROS (Mittler, 2002). There is an antioxidant system in plants to hunt these ROS. Wu et 
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al. (2003) reported that the ROS are hunted due to increases activities of antioxidant 

enzymes by Cd. Enzymes give additional defence against oxidants (Sun et al., 2007). The 

higher enzymatic activity provides tolerance to plants under stressful conditions. In 

diverse parts of cell there is generation of superoxide anions; Fernandez-Ocana et al. 

(2011) reported that in a process catalyzed by SOD they are quickly changed into 

hydrogen peroxide. Lin and Kao (2000) described that in the fatty acid oxidation process 

and photorespiration there is the production of hydrogen peroxide (H2O2) that is 

scavenged by CATs. According to Corpas et al. (1999) the transfer of H2O2 into oxygen 

and water is accelerated by catalase (CAT). In the process of respiration in plants there is 

present an important enzyme (peroxidase). Asada (1994) describe that in the procedure of 

conversion of H2O2 to water. Kawano et al. (2003) reported that this is reliant on phenolic 

oxidation. In shoot of pea, activity of catalase and SOD decreased. However, Cd-

mediated increase in SOD is also reported (Amirjani, 2012). In the catalase activity a 

continuing increase has been observed by him and he also observed that upto the Cd toxic 

level the POD also consistently increases. To Cd and other metals different response has 

been shown by these enzymes ((Tiryakioglu et al., 2006). Kanazawa et al. (2000) 

described that protective shield has been provided by APX, POD.  

2.4.4 Accumulation of organic solutes 

According to McLaughlin et al. (2000) in plants the food quality is affected by Cd 

because of its mobility system and longer biological half life. Di Toppi and Gabbrielli 

(1999) reported that in plants different mechanisms are activated due to Cd exposure. 

Hall (2002) describe that there are various factors such as glutathione, the stress proteins 

and metallothioneins which are activated by Cd and provides defence against Cd stress. 

The defence against the stress of heavy metal is provide by them (Schutzendubel and 

Polle, 2002) but there is no fully identified method. 

2.4.5 Phytochelatins 

The plants have a principal protective system known as phytochelatins (Zenk, 1996). A 

Cd stress condition activates the compartmentalization and the production of 

phytochelatins (Pal et al., 2006). Cd activates sulphur metabolism. The phytochelatins 

form complexes with low molecular weight Cd but they form complexes with sulphur of 

high molecular weight (Cobbett, 2000). The Cd-phytochelatin complexes are transfers 
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into vacuoles by Gene hmt1 has coding for HMT1 protein (Ortiz et al., 1995). In the 

matrix of vacuole the acidic pH disconnected HMV compounds. Cd makes compounds 

with citrate, malate, oxalic acid and amino acids, while by the action of hydrolases 

enzymes the phytochelations of apoprotein nature are decayed and return to the 

cytoplasmic matrix. In maize plants phytochelatin are formed by the minute amount (0.05 

µM) of Cd (Tukendorf and Rauser, 1990). In rice and wheat via the arrangement of 

peptide Cd detoxification is less active than maize. Energy is required for the synthesis of 

phytochelatin because Cd stress open the cells.  At root growth cost it has been attained 

(Meuwly and Rauser, 1992). According to Thumann et al. (1991) at cell level they take 

part in homeostasis, also they detoxify Cd and the metals are transferred by them to the 

associated enzymes of protein. 

2.4.6 Stress proteins synthesis and accumulation of proline  

According to Timperio et al. (2008) in animals, plants and fungi, heat shock proteins are 

broadly disseminated. Under adverse environmental conditions, heat shock proteins are 

produced for instance inflammation, in response to toxins, cold and drought etc. The heat 

shock (Hsp) proteins (Santoro, 2000) are usually located in the cytoplasm and have 

various classes such as high and small molecular weight. A few of the high molecular 

weight including Hsp 60, 70 and 90 also serves as molecular chaperones. Feder and 

Hofmann (1999) reported that under stress conditions these chaperones provide 

protection to other proteins from harm. The denaturing of proteins is due to Cd 

(Jungmann et al., 1993). Reddy and Prasad (1993) reported that in maiz plants a 

phosphoprotein which is heat shock protein of 70 kDa is formed under Cd stress 

condition while Bouchard et al. (2004) reported the accumulation of mRNA of 80 kDa. 

There is the involvement of proline in mitigating stress. In different plants, the proline 

and amino acids accumulated by the application of Cd (Nagoor, 1999; Sharma et al., 

1998). In plants there is the formation of the praline Cd complex and the Cd-chelate ions 

are disrupted by free form of proline (Sharma et al., 1998). Th proline accumulation 

protects plants under metal hazardous effects (Sun et al., 2007). 

2.4.7 Phytoremediation  

From polluted soils, plants have the ability to uptake and accumulate substantial metals 

which offer a chance to eliminate these metals from contaminated locations. According to 
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Lasat (2002) these heavy metals from a certain area could be stabilizing, transfer and 

remove by uprooting the plants. As reported by Goldsbrough (1998), this is a 

phytoremediation process. Darning phytoremediation hyper accumulator plants have 

capability to remove metal (McGrath et al., 2006).  As described by Maxted et al. (2007), 

the Solanum nigrum and Salix calodendron are the hyper accumulator plants. There are 

several strategies of phytoremidiation which enhanced the ability of a plant to hyper 

accumulate Cd (Keller et al., 2003). In the rhizosphere these contaminants remain by the 

root of plants. For the volatilize contaminants like Hg and Se from their foliage plants are 

used in the practice of phytovolatization. The removal of organic contaminants and their 

associated microbes by the use of plants is phytodegradation (Garbisu and Alkorta, 

2001). 

2.4.8 Genetic basis of Cd tolerance 

According to Morsy et al. (2011), human activities largely dispersed Cd in the 

environment. It is an important metal contaminant and also dangerous to different 

ecosystems. In the water and soil it is moderately movable geochemically and can easily 

take it up by plants.  Curguz et al. (2012) described that the reduction in plant growth, 

yield and development has been seen due to larger amounts of Cd, so, in the organisms 

the biomarkers are helpful to assess toxicological responses stimulated due to Cd. 

According to some reports the genes are involved for Cd stress in rice. In the repairing 

processes of damages, these are also involved and against Cd stress provide tolerance to 

plants (Uraguchi et al., 2009). 

2.5 NO as a signal 

The NO is involved in various biological processes. NO has many roles in various 

physiological processes including regulation of plant maturation and senescence. It is 

reported that it caused the inhibition of floral transition. Zhang et al. (2006) reported that 

it is also taking part in light-mediated greening, as described by García-Mata and 

Lamattina (2007). It is involved in the mediation of stomatal movement and induces 

tolerance against different stresses (Zhao et al. 2007). According to Zhao et al. (2007), 

NO production is altered (promote or suppress) by both biotic and antibiotic stresses but 

it enhance tolerance in plants to specific stresses when applied exogenously.  
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According to Beligni and Lamattina (1999; 2001) it performed multifaceted biological 

functions in plants. It is either act as a cytotoxin or a cytoprotectant. Plants normal 

metabolism clearly purturbs by the relatively high dose of nitric oxide. Hill and Bennett 

(1970) described that NO decreases the photosynthesis in the leaves of oat and alfalfa. In 

carrot cell suspensions the respiration can also be reduced by NO (Zottini et al. 2002). 

Gould et al. (2003) reported that there are various factors such as inhibition of shoot and 

root development, DNA damage and cell deaths etc which are responsible for high level 

of NO. Beligni and Lamattina (2001) also reported that a lower concentration of NO 

enhances plants normal enlargement and improvement. 

Wendehenne et al. (2005) reported that NO may interrelate with other signalling 

molecules. For instance, in establishing stress resistance responses NO alleviated the 

harmful effects of ROS. According to Kopyra and Gwozdz (2003) not only it acts as a 

signalling molecule but also may function as a regulator for gene expression. Wilson et 

al. (2008) described that previously it has been discussed that NO is involved in plant 

development and stress responses.  

2.5.1 Synthesis of NO in the plants 

Many studies (Wendehenne et al., 2001) reported that there are three NO synthases with 

different localizations and functions which generate nitric NO in the animals. Several 

cofactors including NADPH, Ca2+ and calmodulin are required for the NOS function 

(Leshem 2000).  Cueto et al. (1996) reported that in the roots and nodules of Lupinus 

albus, a NOS-like activity has been found in different plants (Durner et al., 1998; 

Delledonne et al., 1998; Barroso et al., 1999.  

In Arabidopsis thaliana, an AtNOS1 gene has been identified which encode a protein 

related with NO synthesis (Guo et al. 2003). According to Vitecek et al. (2008) by several 

other individual groups in the Atnos1 mutant the little quantity of NO was observed later 

on. By later measurements the activity of NOS of AtNOS1 even though in vivo was not 

further supported and reduced NOS activity was shown by Atnos1 mutant. Zemojtel et al. 

(2006) reported that there might be both indirect or regulatory biosynthesis and 

accumulation of NO by the the involvement of AtNOS1; so to avoid misunderstanding 

AtNOS1 was renamed as AtNOA1.  
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In plants, Rockel et al. (2002) reported that there is present another type of enzymes 

known as nirtrate reductase which generate NO. In vitro, NO and its derivative 

peroxynitrite are produced by NR and the NO production is inhibited by NR inhibitor and 

sodium azide (Yamasaki and Sakihama 2000). There are various reports by different 

scientist which indicate that it was found in many plants species. Rockel et al. (2002) 

reported that it is found in sunflower, spinach and maize. There are present two genes of 

NR known as NIA1 and NIA2 which are encoded by the Arabidopsis genome. Desikan et 

al. (2002) described that there are double mutant nia1 nia2 which missing both NIA 

genes that has reduced the activity of NR. The reduced NOS-mediated NO production is 

may be due to the reduction of the content of arginine. However in planta, it is still 

indistinct in controlling NO production whether and how these two NO-generating 

pathways work together. In plants there may also be non- enzymatic generation of NO. 

Neil et al. (2003) described that the conversion of NO2- to NO is catalyzed by both the 

carotenoid and light. There is involvement of stress-related signals in the production and 

transport of NO in the phloem (Gauples et al. 2008). The salicylic acid and H2O2 are 

involved in excessive nitric oxide (NO) production in the companion cells of Vicia faba 

and Gauple et al. (2008) reported that the production of NO in the phloem was reliant on 

the activity of NOS and Ca2+ but not  on NR.  

2.5.2 Nitric oxide (NO) and abiotic stresses 

There are some reports which indicate that the production of NO in various plant species 

is due to several different types of environmental stresses that regulate the plant 

responses to the abiotic stresses. The chloroplasts, mitochondria and peroxisomes are the 

sites form which free radicals and other oxidants are generated (Mano 2002); according 

to Mittler (2002) which cause oxidative stress in plant cells. Vranova et al. (2002) 

described that ROS exert oxidative damage, as well some signaling responses to regulate 

the concentration of ROS for plants survival. The lipid radical and superoxide anion are 

eliminated by the lower concentration of NO which cause the activation of the 

antioxidant enzymes particularly SOD. NO is involved to scavenge the O2- which is 

involved in the peroxyntrite formation and according to Kopyra and Gwozdz (2003), it 

showed lethal behaviour in the cells of animal but not for cells of plant. On the other 

hand, Millar and Day (1996) reported that the high level of NO causes the production of 
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superoxide in the mitochondria. The nitrite is toxic to plant cells in high concentration; 

the excess nitrite from plant cells was also proposed to remove by NO (Shingles et al. 

1996). NO also regulates the expression of some genes and a synergistic effect between 

NO and ROS is also reported (Zhao et al 2001). Moreover, according to Zhao et al. 

(2004), sorbitol-induced altered Ca2+ level due to salinity or osmotic stress was affected 

by NO.   
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Chapter 3 

MATERIALS AND METHODS 

The experiments were carried out to study the ameliorating effects of sodium 

nitroprusside (SNP) on four wheat (Triticum aestivum L.) cultivars, namely, Punjab-

2011, AARI-2011, Millat-2011, and Sehar-2006 under different Cd levels.  

3.1 Experimental design and methodology 

For the experiments, a completely randomized design with four replications was used 

under natural environmental conditions (Average temperature 23-24 °C, humidity 59%). 

To saturate the sand in each pot, a half strength Hoagland’s nutrient solution including 

different CdCl2 concentrations i.e., 0, 0.3, 0.6, 0.9, 1.2 mM was used. After five days of 

germination, five equal sized plants were kept in each pot. After every 15 d, Cd solution 

of required concentration was applied in excess for maintaining the required level by 

leaching the solution from the base of pots. The foliar spray of SNP (0, 0.15 and 0.30 

mM) was applied at the heading stage. The data for various attributes were recorded after 

20 d of foliar spray and the grain yield attributes at the maturity stage. 

3.2 Growth parameters 

3.2.1 Shoot and root length  

Lengths of shoot and root of plants were calculated with a scale. 

3.2.2 Shoot and root fresh weights  

The plants were cut to separate roots and shoots and fresh weights determined. 

3.1.3 Shoot and root dry weights  

After keeping the fresh samples at 70 °C in an oven for 72 h, the dry weights of both 

were determined. 

3.2.4 Leaf area  

For the calculation of leaf area following formula was used:  

Length × width × c.f.              

Where c.f. = 0.68   
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3.3 Photosynthetic and water relation parameters 

3.3.1 Pigments  

 The method of Arnon (1949) was used to measure chlorophyll (Chl) and carotenoid 

(CAR) contents. The extraction of fresh leaves (0.5 g) was done in 5 mL acetone (80%). 

After centrifugation the optical density (OD) was read at 645, 663 and 480 nm with a 

spectrophotometer (Hitachi, U-2800).  

3.3.2 Gas exchange characteristics  

Photosynthesis measuring-system CI-340 was used to measure net photosynthetic rate 

(Pn), transpiration rate (E) and stomatal conductance (gs). The second fully mature top 

leaf was selected and measurements were noted between 11.00-2.30 p.m.  

 3.3.3 Relative membrane permeability 

The determination of relative membrane permeability (RMP) was done as described by 

Yang et al. (1996b). The initial electrical conductivity (EC0) was noted after putting the 

leaves in test tubes containing 20 mL of distilled H2O. For the EC1 test tubes were 

vortexes for five second and then these were kept at 4 °C for 24 h. EC2 was determined 

after autoclaving at one hundred and 20 °C for 20 min.  

3.3.4 Relative water contents  

For relative water content (RWC) measurements, flag leaf dicks (6-10 cm) from each 

treatment were taken. After taking fresh weight (FW) of each sample the leaves were 

dipped for 24 h in test tube containing distilled water. TW (turgid weight) was noted after 

taken out the leaves from test tube and wiped carefully with the tissue. After drying the 

leaves DW was noted. The RWC was calculated by using the formula given by Cornic 

(1994). 

3.4 Physio-biochemical parameters 

3.4.1 The activity of antioxidant enzymes 
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 To determine the activities of these enzymes with spectrophotometer the method of Dixit 

et al. (2001) was used. Fresh leaves were used to homogenize in a medium containing 50 

mM phosphate buffer having pH 7 and 1 mM dithiothreitol (DTT).  

3.4.1.1 SOD activity  

 The method of Giannopolitis and Ries (1977) was used to determine the activity of 

superoxided dismutase (SOD). Under the fluorescent lamps of thirty watt, the mixture 

was illuminated under florescent lamp (30 watt) for ten min. The absorbance was 

recorded at 560 nm with a spectrophotometer which measured the photoreduction of 

NBT. The activity was expressed as unit’s mg -1 protein. 

3.4.1.2 CAT activity  

The CAT activity was assayed as described earlier by (Chance and Maehly, 1955). The 

absorbance was noted at 240 nm. The catalase activity (one unit) was defined as an 

absorbance change of 0.01 min-1. The activity was expressed as unit’s mg -1 protein. 

3.4.1.3 POX activity  

 For POX activity the method of Chance and Maehly (1955) was used. After adding 0.1 

mL enzyme extract, the increase in the absorbance at 470 nm was assayed after every 20 

s. The one unit of the enzyme was considered as the amount of the enzyme that changed 

the absorbance 0.01 in 1 min and the activity was expressed as unit’s mg -1 protein.  

3.4.1.4 APX activity  

For APX activity the method of Cakmak (1994) was used by monitoring the decline in 

absorbance at 290 nm. the 1 mL reaction mixture contained the following chemicals: 

1- Phosphate buffer (50 mM) having pH 7.6 

2- Na-EDTA (0.1 mM) 

3- H2O2 (12 mM) 

4- AsA (0.25 mM)  
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5- Sample extract 

The activity of the enzyme was expressed as unit’s mg -1 protein 

3.4.2 Ascorbic acid contents 

Mukherjee and Choudhuri (1983) method was used to determine the AsA content. The 

6% trichloroacetic acid (TCA) having volume 5 mL was taken to grind the leaf sample 

(0.25 g). From grinded sample 4 ml of the extract was used and 2 mL of 2% 

dinitrophenyl hydrazine reagent was added in it. For 15 min the heating of the mixture 

was done at 100 °C and then cool it and added 5 mL of cool 80% (v/v) sulphuric acid. By 

using spectrophotometer, at 530 nm, the absorbance was noted. With the help of a 

standard curve the calculation of AsA content was done and expressed as mg kg-1. 

3.4.3 Total phenolics 

By using Folin-Ciocalteu method Julkenen-Titto (1985) the contents of total phenolics 

were determined. For this 0.5 mL of extract (methanol) sample was taken in a test tube 

and Folin-Ciocalteu reagent having volume of 0.1 mL was added in it. At 700 nm the 

absorbance was measured and for the calculation of total phenolics using gallic acid 

calibration was used.  

 

3.4.4 Tocopherols contents 

 

Backer et al. (1980) method was used to assess the tocopherol contents. The 10 mL of 

petroleum ether and ethanol in a ratio of 2:1.6 (v/v) was used to homogenize (0.5 g) leaf 

sample. After centrifugation, supernatant in 1 mL quantity was mixed with 2, 2-dipyridyl 

having volume 0.2 mL, vortexed and kept the sample for 5 min in dark. Then 4 mL 

distilled H2O was used to dilute it and then shake well to mix it. In aqueous layer, the 

resulting colour was measured at 520 nm. A standard graph was made with a known 

amount of α-tocopherol and the tocopherol contents calculated. The content of was 

expressed as mg kg-1. 
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3.4.5 Total flavonoids  

Total flavonoids contents were determined by following the procedure reported by 

Zhishen et al. (1999). 1 mL of aqueous solution of extracts was use to make volume 5 mL 

distilled water. The NaNO2 (1:20) was added in each mixture. After 0.3 mL AlCl3 (1:10) 

addition, for 6 minutes the mixture was set aside another time at room temperature and 

then added 2 mL of 1 M NaOH in it. The absorbance was read at 510 nm after the 

solution was mixed well. 

3.4.6 Estimation of reducing and non-reducing sugars 

 

Glucose, sucrose was determined according to the method as reported by Raizi et al. 

(1985). The O-tolidine reagent was made by using 60 mL of O-tolidine, 2 g of thiourea 

and glacial acetic acid to make the volume of 100 mL. The 10 mL of 80% ethanol (v/v) 

was used to grind the fresh leaves (1 g). The supernatant obtained after centrifugation and 

filteraton used for the estimation of sugars. 

3.4.6.1 Glucose contents 

 

In 1 mL of extract, added 5 mL of O-tolidine reagent and heated at 97 °C for 15 min. 

After cooling it used to read the absorbance at 630 nm. 

 3.4.6.2 Sucrose contents 

In 0.1 mL ethanol extract, added 0.1 mL of 5.4 N KOH. After heating and cooling the 

mixture, 3 mL of anthrone reagent was added and then heated and cooled and then 

incubated at room temperature for 20 min. The absorbance was noted at 620 nm with a 

spectrophotometer.  

3.4.6.3 Standard curve 

 

A standard curve with different concentration, of glucose following the above mentioned 

procedure was made and calculated the sugar contents. 

3.4.7 Total soluble proteins 

 For the determination of total soluble protein Bradford (1976) method was used. The leaf 

sample (0.25g) was grinded in 5 ml of cooled potassium phosphate buffer. After 

extraction and centrifugation half of the isolated supernatant was used for protein 

determination.  
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3.4.8 Anthocyanin contents  

Leaf samples were grinded in a potassium phosphate (100 mM) buffer and the 

absorbance measured at 600 nm using the UV-VIS spectrophotometer (Murray & 

Hackett (1991).  

3.4.9 Total free amino acids 

Hamilton and Van Slyke (1973) method was followed for total free amino acids 

determination. The chopping and extraction of fresh plant leaves (0.5 g) was done by 

using 0.2 M phosphate buffer. In the 50 mL volumetric flask, 1 mL of the sample extract 

was taken and then pyridine and ninhydrin solutions having quantity 1 mL each was 

added in it. After that a water bath was used to heat the sample mixture for 30 min. In 

each flask the volume was maintain up to 50 mL with distilled H2O. By using 

spectrophotometer, the OD was read at 570 nm. The calculation was done by making a 

standard curve with leucine.   

3.4.10 Hydrogen peroxide (H2O2) concentration  

The method of Velikova et al. (2000) was applied for the hydrogen peroxide 

concentration determination. The grinding of leaf sample (0.25 g) was done with 5 ml of 

TCA. After extraction and centrifugation, the supernatant (0.5 mL) was used and then 0.5 

mL of potassium phosphate buffer and 1 mL solution of potassium iodide was mixed in 

it. The absorbance was noted at 390 nm. 

3.4.11 Malanodialdehyde (MDA) contents 

According to Yagi (1982), the level of lipid peroxidation was determined. Leaf tissue 

having weight of point 5g was grinded in 10mL of point one percent TCA and then 

centrifuged it. The 1 ml material was taken from supernatant and then 0.5% thiobarbituric 

acid with quantity of 4mL was added in it and after it the material was heated for 30 min 

at 95 °C. The absorbance was noted at 532 nm after cooling the samples. The following 

equation was used to calculate the MDA content;  

MDA contents (nmol/g fresh weight) = (A532 nm - A600 nm)/1.56 × 105 
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3.4.12 Proline concentration 

 The determination of proline was done by following the Bates et al. (1973) method. For 

0.5g fresh leaf sample 30% sulfo-salicylic acid in a quantity of 10 mL was used to ground 

it. After filter the sample material, in a test tube 2 mL of the filtrate, 2 mL acid ninhydrin 

solution and 2 mL of glacial acetic acid was taken and then material in test tubes were 

heated for 1 h at 100 °C and cool it in an ice bath to terminate the reaction with 10 mL 

toluene, the proline was extracted and the absorbance was noted at 520 nm using.  

3.4.13 GB determination  

After homogenization and filteration of fresh leaf (1.0 g) the 1 mL supernatant was mixed 

with 1 mL of HCl (2 N). From this mixture 0.5 mL was taken and put in a glass tube and 

then potassium tri-iodide solution having quantity 0.2 mL was added in it. After shaking 

and cooling of the mixture then ice cooled distilled water having volume 2.0 mL and 1-2 

dichloroethane having volume 20 mL was added in it. To read the optical density of at 

365 nm, organic layer was used (Grieve and Gratan, 1983). A standard curve was 

developed to calculate the concentrations of the GB.  

3.4.14 NO contents 

The method of Ding et al. (1988) and Hu et al. (2003) was used to find out the NO 

content. After grinding and centrifugation of leaves (0.6 g) the supernatant was obtained. 

By using the 1 mL of extraction buffer, the pellet was washed and centrifuged. Then 0.1 

g charcoal was added in the two supernatants. The mixture then vortex and filtered by 

using the filter paper. After this, the 1 mL filtrate was reacted with 1 mL Greiss reagent 

and incubated at room temperature for 30 min. By using a spectrophotometer, the 

absorbance was noted at 540 nm and a standard curve of NaNO2 was used for the 

calculation of NO content. 
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3.5 Mineral nutrients/ions determination 

The digestion of the dry plant sample of shoots and roots having quantity (0.5 g) was 

done in 5 mL nitric acid at 150 °C in digestion tubes and then 50 mL volume was made 

(Wolf, 1982). By using flame photometer, Na, K and Ca were estimated and for 

magnesium, manganese, iron and Cd, the atomic absorption spectrophotometer was used. 

3.5.1 Determination of Chloride (Cl-) 

A simple method was used for chloride (Cl-) concentration. The 0.1 g dry plant sample 

was taken in a digestion tube having 10 mL of distilled H2O and extraction was done at 

80 °C and 10 ml volume was made.  

3.5.2 Phosphorus (P) determination  

 The method of (Jackson, 1962) was applied for the estimation of phosphorus with a 

spectrophotometer. The Barton’s reagent was used in 2 mL quantity for the 2mL of 

extracted material and total 50 mL volume was made. With the help of a standard curve 

the values of P was estimated. 

3.6 Statistical analysis 

The analysis of variance (ANOVA) was used for collected data and calculated by using 

the LSD module of CoStat version 6.2. The data in the Figs. is represented as means ± 

SE, n = 3.  
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 Photograph showing an overview of the effects of different Cd regimes on wheat plants. 
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 Photograph showing an overview of the effects of exogenous SNP (0.15 mM) on wheat 

plants. 
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 Photograph showing an overview of the effects of exogenous SNP (0.30 mM) on wheat 

plants. 
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Chapter 4 

RESULTS  
 

4.1 Growth parameters 

 

4.1.1 Shoot and root length 

Root zone Cd significantly decreased (p ≤ 0.01) shoot lengths in diverse wheat cultivars 

(Table 1). Cultivars also differed significantly. SNP increased shoot length under 

different Cd levels (Fig. 1). Millat-2011 showed maximum reduction (25.77%) in shoot 

length at the highest level of Cd and the minimum reduction (20.15%) was found in 

cultivar Punjab-2011. Exogenous application (0.30 mM) SNP increased shoot length in 

all studied cultivars and the maximum increased was recorded in cultivar Punjab-2011. 

Root length decreased significantly (p ≤ 0.01) due to the root zone Cd in diverse wheat 

cultivars (Table 1). No change in root length was found in cultivars due to use of SNP 

under Cd stress. The exogenous application of SNP increased root length under different 

Cd levels (Fig. 1). Millat-2011 showed maximum reduction (69.71%) in root length at the 

maximum level of Cd and the least reduction (39.14%) was found in cultivar Punjab-

2011. Foliar applied SNP (0.30 mM) increased root length in all studied cultivar and 

among them the maximum increased was recorded in cultivar Punjab-2011. 
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Table 1: Mean square values from analysis of variance of the data for shoot and 

root lengths of wheat cultivars exogenously treated with sodium nitroprusside (SNP) 

at heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot length Root length 

Cadmium (Cd)  4 1222.82*** 206.978*** 

Sodium Nitroprusside (SNP) 2 425.49*** 176.758*** 

Cultivar (CV) 3 1647.38*** 37.547*** 

Cd × SNP          8 4.18** 2.660*** 

Cd × CV         12 15.83*** 2.454*** 

SNP × CV         6 11.06*** 1.302* 

Cd × SNP × CV     24 2.92** 0.814ns 

Error 120            1.46               0.556 

*, **, *** = significant at 0.05, 0.01 and 0.001 levels respectively 

 

Table 2: Mean square values from analysis of variance of the data for shoot and 

root fresh weights of wheat cultivars exogenously treated with sodium nitroprusside 

(SNP) at heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot fresh wt. Root fresh wt. 

Cadmium ( Cd) 4 64.7131*** 0.90389*** 

Sodium Nitroprusside    (SNP) 2 38.6003*** 0.64306*** 

Cultivar (CV) 3 7.3211*** 0.15715*** 

Cd × SNP          8 0.1401** 0.02957*** 

Cd × CV         12 0.5626*** 0.00805*** 

SNP × CV         6 0.2479*** 0.01357*** 

Cd × SNP × CV     24 0.2660*** 0.00888*** 

Error 120         0.0541       0.00163 
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 Fig. 1. Shoot and root lengths of four (Punjab-2011, AARI-2011, Millat-2011 and Sehar-

2006) wheat cultivars exogenously treated with sodium nitroprusside (SNP) at heading 

stage under different Cd regimes. LSD, Least significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 

and 1.2 represent the mM concentration of Cd 
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4.1.2 Shoot and root fresh weights  

In diverse wheat cultivars, root zone Cd significantly (p ≤ 0.01) decreased shoot fresh 

weight (Table 2). SNP increased shoot fresh weight under different Cd levels (Fig. 2). 

Millat-2011 showed maximum reduction (61.70%) in shoot fresh weight at the maximum 

level of Cd and the minimum reduction (58.38%) was found in cultivar Punjab-2011. 

Foliar applied SNP (0.30 mM) increased shoot fresh weight in all studied cultivar and 

among them the maximum increase was recorded in cultivar Punjab-2011. 

Root zone Cd decreased root fresh weight significantly (p ≤ 0.01) in different wheat 

cultivars (Table 2). The use of SNP increased root fresh weight under different Cd levels 

(Fig. 2). Millat-2011 showed maximum reduction (51.06%) in root fresh weight at the 

maximum level of Cd and the least reduction (47.45%) was found in cultivar Punjab-

2011. Foliar applied SNP (0.30 mM) increased root fresh weight in all studied cultivar 

and among them the maximum increased was recorded in cultivar Punjab-2011. 
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Fig. 2. Shoot and root fresh weights of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.1.3 Shoot and root dry weight 

 

Significant decreased (p ≤ 0.01) in the shoot dry weight was observed in diverse wheat 

cultivars under Cd stress (Table 3). The exogenous application of SNP increased shoot 

dry weight under different Cd levels (Fig. 3). Millat-2011 showed maximum reduction 

(35.29%) in shoot dry weight at the maximum level of Cd as compared to other cultivars 

and the minimum reduction (26.51%) was found in cultivar Punjab-2011. Foliar applied 

SNP (0.30 mM) increased shoot dry weight in all studied cultivar and among them the 

maximum increased was recorded in cultivar Punjab-2011. 

Root zone Cd decreased root dry weight significantly (p ≤ 0.01) in wheat cultivars (Table 

3). The exogenous application of SNP increased root dry weight under different Cd levels 

(Fig. 3). Millat-2011 showed maximum reduction (80%) in root dry weight at the 

maximum level of Cd and the least decline (60%) was found in cultivar Punjab-2011. 

Foliar applied SNP (0.30 mM) increased root dry weight in all studied cultivar and 

among them the maximum increased was recorded in cultivar Punjab-2011. 
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Table 3: Mean square values from analysis of variance of the data for shoot and 

root dry weights of wheat cultivars exogenously treated with sodium nitroprusside 

(SNP) at heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot dry wt. Root dry wt. 

Cadmium ( Cd) 4 1.37516*** 0.14940*** 

Sodium Nitroprusside    (SNP) 2 1.60660*** 0.11224*** 

Cultivar (CV) 3 1.53587*** 0.02169*** 

Cd × SNP          8 0.01266*** 0.00270*** 

Cd × CV         12 0.01569*** 0.00170*** 

SNP × CV         6 0.04654*** 0.00252*** 

Cd × SNP × CV     24 0.01724*** 0.00049*** 

Error 120 0.00210 0.00017 

 

 

Table 4: Mean square values from analysis of variance of the data for number of 

leaves and leaf area of wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different cadmium (Cd) regimes. 

Source of Variation df No. of  leaves Leaf area 

Cadmium ( Cd) 4 247.922*** 464.951*** 

Sodium Nitroprusside    (SNP) 2 118.850*** 529.436*** 

Cultivar (CV) 3 73.104*** 21.808*** 

Cd × SNP          8 1.322ns 8.237*** 

Cd × CV         12 3.196*** 2.173* 

SNP × CV         6 0.287ns 20.867*** 

Cd × SNP × CV     24 0.324ns 1.787* 

Error 120 0.756 1.087 
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Fig. 3. Shoot and root dry weights of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.1.4 Number of leaves and leaf area 

  

Root zone Cd significantly decreased (p ≤ 0.01) number of leaves in wheat cultivars 

(Table 4). However, a non significant decreased in the number of leaves was observed 

due to exogenous SNP under different Cd regimes. The exogenous application of SNP 

increased number of leaves as compared with untreated control (Fig. 4). Millat-2011 

showed maximum reduction (71%) in number of leaves at the maximum level of Cd and 

least reduction (60.63%) was found in cultivar Punjab-2011. Foliar applied SNP (0.30 

mM) increased number of leaves in all studied cultivar and among them the maximum 

increase was recorded in cultivar Punjab-2011. 

Leaf area decreased significantly (p≤ 0.01) by the root zone Cd in wheat cultivars (Table 

4). The exogenous application of SNP increased leaf area under different Cd levels (Fig. 

4). Millat-2011 showed maximum reduction (55.97%) in leaf area at the maximum level 

of Cd and the least reduction (36.81%) was found in cultivar Punjab-2011. Foliar applied 

SNP (0.30 mM) increased leaf area in all studied cultivar and among them the maximum 

increase was recorded in cultivar Punjab-2011. 
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Fig. 4. Number of leaves and leaf area of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.2 Photosynthetic and water relation parameters 

4.2.1 Chlorophyll a and chlorophyll b 

Significant decreased (p ≤ 0.01) in the chlorophyll a was observed in wheat cultivars 

under Cd stress (Table 5). The use of SNP increased chlorophyll a under different Cd 

levels (Fig. 5). Millat-2011 showed maximum reduction (15.86%) in chlorophyll a at the 

maximum level of Cd and the least reduction (22.61%) was found in cultivar Punjab-

2011. Foliar applied SNP (0.30 mM) increased chlorophyll a in all studied cultivar and 

among them the maximum increase was recorded in cultivar Punjab-2011. 

Root zone Cd decreased chlorophyll b significantly (p ≤ 0.01) in wheat cultivars (Table 

5). The exogenous application of SNP increased chlorophyll b under different Cd levels 

(Fig. 5). Millat-2011 showed maximum reduction (43.15%) in chlorophyll b at the 

maximum level of Cd and the least decline (40%) was found in cultivar Punjab-2011. 

Foliar applied SNP (0.30 mM) increased chlorophyll b in all studied cultivar and among 

them the maximum increase was recorded in cultivar Punjab-2011. 
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Table 5: Mean square values from analysis of variance of the data for Chlorophyll a 

and b of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes. 

Source of Variation df Chlorophyll a Chlorophyll b 

Cadmium ( Cd) 4 1.80109*** 2.87398*** 

Sodium Nitroprusside    (SNP) 2 0.52865*** 0.37955*** 

Cultivar (CV) 3 0.26403*** 0.89123*** 

Cd × SNP          8 0.01863*** 0.01145*** 

Cd × CV         12 0.07351*** 0.16117*** 

SNP × CV         6 0.00773*** 0.05015*** 

Cd × SNP × CV     24 0.00423*** 0.01074*** 

Error 120 0.00081 

 

0.00031 

 

  

Table 6: Mean square values from analysis of variance of the data for total 

chlorophyll and chlorophyll a/b of wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different cadmium (Cd) regimes. 

Source of Variation df Total chlorophyll Chlorophyll a/b 

Cadmium ( Cd) 4 11.2362*** 3.25500*** 

Sodium Nitroprusside    (SNP) 2 1.3368*** 3.35474*** 

Cultivar (CV) 3 6.1681*** 9.74646*** 

Cd × SNP          8 0.0237*** 0.22433*** 

Cd × CV         12 0.5064*** 0.23456*** 

SNP × CV         6 0.0416*** 0.28951*** 

Cd × SNP × CV     24 0.0203*** 0.08741*** 

Error 120         0.0003            0.00025 
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Fig. 5. Chlorophyll a and b of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.2.2 Total chlorophyll and chlorophyll a/b ratio 

The total chlorophyll contents decreased significantly (p ≤ 0.01) in wheat cultivars 

exposed to root zone Cd stress (Table 6). The exogenous application of SNP increased 

total chlorophylls under different Cd regimes (Fig. 6). Millat-2011 showed maximum 

reduction (23.80%) in total chlorophyll at the maximum level of Cd and the least 

reduction (12.67%) was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) 

increased total chlorophyll in all studied cultivar and among them the maximum increase 

was recorded in cultivar Punjab-2011. 

Root zone Cd significantly (p ≤ 0.01) decreased chlorophyll a/b ratio in different wheat 

cultivars (Table 6). The exogenous application of SNP increased chlorophyll a/b ratio 

under different Cd levels (Fig. 6). Millat-2011 showed maximum reduction (10.65%) in 

chlorophyll a/b at the maximum level of Cd and the least reduction (8.02%) was found in 

cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased chlorophyll a/b in all 

studied cultivar and among them the maximum increase was recorded in cultivar Punjab-

2011. 
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Fig .6. Total chlorophyll and chlorophyll a/b of four wheat cultivars exogenously treated 

with sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.2.3 Carotenoids and leaf relative water contents 

A significant decreased (p ≤ 0.01) in carotenoids was observed under Cd stress in 

different wheat cultivars (Table 7). The exogenous application of SNP increased 

carotenoids under different Cd levels (Fig. 7). Millat-2011 showed maximum reduction 

(69.44%) in carotenoids at the maximum level of Cd and the least decline (50%) was 

found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased carotenoids in all 

studied cultivar and among them the maximum increase was recorded in cultivar Punjab-

2011. 

Root zone Cd decreased leaf relative water contents significantly (p ≤ 0.01) (Table 7). 

The exogenous application of SNP increased leaf relative water contents under different 

Cd levels (Fig. 7). Millat-2011 showed maximum reduction (30.55%) in leaf relative 

water contents at the maximum level of Cd and the least decline (26.75%) was found in 

cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased leaf relative water 

contents in all studied cultivar and among them the maximum increase was recorded in 

cultivar Punjab-2011. 

2011. 

Table 7:  Mean square values from analysis of variance of the data for carotenoids 

and leaf relative water content of wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different cadmium (Cd) regimes. 

Source of Variation df Carotenoids LRW contents 

Cadmium ( Cd) 4 0.01414*** 1841.90*** 

Sodium Nitroprusside  (SNP) 2 0.00520*** 1493.43*** 

Cultivar (CV) 3 0.00186*** 2836.45*** 

Cd × SNP          8 0.00020*** 4.48* 

Cd × CV         12 0.00119*** 103.02*** 

SNP × CV         6 0.00012*** 83.38*** 

Cd × SNP × CV     24 0.00024*** 13.66*** 

Error 120      0.00002                 2.09 
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Fig. 7. Carotenoids and leaf relative water contents of four wheat cultivars exogenously 

treated with sodium nitroprusside (SNP) at heading stage under different Cd regimes. 

LSD, Least significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration 

of Cd  
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4.2.4 Relative membrane permeability (%) 

Relative membrane permeability (%) increased significantly (p ≤ 0.01) in wheat cultivars 

under Cd stress (Table 8). The exogenous application of SNP decreased relative 

membrane permeability under different Cd levels (Fig. 8). Millat-2011 showed more 

(63.83%) in relative membrane permeability at the maximum level of Cd as compared to 

other cultivars and the less (78.12%) was found in cultivar Punjab-2011. Foliar applied 

SNP (0.30 mM) decreased relative membrane permeability in all studied cultivar and 

among them the maximum increase was recorded in cultivar Punjab-2011. 

Table 8: Mean square values from analysis of variance of the data for RMP % of 

wheat cultivars exogenously treated with sodium nitroprusside (SNP) at heading 

stage under different cadmium (Cd) regimes.  

Source of Variation df Relative membrane    

permeability % 
Cadmium ( Cd) 4 5129.85*** 

Sodium Nitroprusside  (SNP) 2 1163.63*** 

Cultivar (CV) 3 281.29*** 

Cd × SNP          8 63.88*** 

Cd × CV         12 38.71*** 

SNP × CV         6 15.69*** 

Cd × SNP × CV     24 7.73*** 

Error 120                    0.90 
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Fig. 8. Relative membrane permeability % of four wheat cultivars exogenously treated 

with sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.2.5 Photosynthetic rate (A) and transpiration rate (E) 

The photosynthetic rate decreased significantaly (p ≤ 0.01) in wheat cultivars under 

different Cd regimes (Table 9). The exogenous application of SNP decreased A as 

compared with untreated control (Fig. 9). Non-significant difference was found for the 

response of cultivars to SNP and Cd. Millat-2011 showed maximum reduction (62.47%) 

in A at the maximum level of Cd and the least reduction (40.12%) was found in cultivar 

Punjab-2011. Foliar applied SNP (0.30 mM) increased A in all studied cultivar and 

among them the maximum increase was recorded in cultivar Punjab-2011. 

Root zone Cd decreased E significantly (p ≤ 0.01) (Table 9). The exogenous application 

of SNP decreased E under different Cd levels (Fig. 9). Millat-2011 showed maximum 

reduction (59.45%) in E at the maximum level of Cd and the least reduction (48.31%) 

was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased E in all 

studied cultivar and among them the maximum increase was recorded in cultivar Punjab-

2011. 
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Table 9: Mean square values from analysis of variance of the data for 

photosynthetic rate and transiration rate of wheat cultivars exogenously treated 

with sodium nitroprusside (SNP) at heading stage under different cadmium (Cd) 

regimes.   

Source of Variation df Photosynthetic 

rate 

(A) 

Transpiration rate 

(E) 

Cadmium ( Cd) 4 56.9557*** 13.1666*** 

Sodium Nitroprusside (SNP) 2 15.4529*** 0.4276*** 

Cultivar (CV) 3 5.1269*** 3.4599*** 

Cd × SNP          8 10.0742*** 1.4013*** 

Cd × CV         12 0.8871** 0.6798*** 

SNP × CV         6 0.4730ns 0.9581*** 

Cd × SNP × CV     24 0.2909ns 0.7007*** 

Error 120 0.3142 0.0378 

 

  

Table 10: Mean square values from analysis of variance of the data for Stomata 

conductance and substomatal CO2 conductance of wheat cultivars exogenously 

treated with sodium nitroprusside (SNP) at heading stage under different cadmium 

(Cd) regimes.    

Source of Variation df Stomatal 

conductance 

Substomatal CO2 

concentration 
Cadmium ( Cd) 4 0.01986*** 22408.6*** 

Sodium Nitroprusside (SNP) 2 0.02631*** 24039.0*** 

Cultivar (CV) 3 0.01184*** 9830.0*** 

Cd × SNP          8 0.00626*** 3577.5*** 

Cd × CV         12 0.00476*** 783.5*** 

SNP × CV         6 0.00120*** 2266.2*** 

Cd × SNP × CV     24 0.00009ns 386.6*** 

Error 120 0.00010 4.2 
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Fig. 9. Photosynthetic rate and transpiration rate of four wheat cultivars exogenously 

treated with sodium nitroprusside (SNP) at heading stage under different Cd regimes. 

LSD, Least significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration 

of Cd 
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4.2.6 Stomatal conductance and substomatal CO2 concentration 

In wheat cultivars stomatal conductance decreased significantly (p ≤ 0.01) under root 

zone Cd stress (Table 10). The exogenous application of SNP decreased stomatal 

conductance under different Cd levels (Fig. 10). Non significant difference was found in 

Cd, SNP and CV interaction. Millat-2011 showed maximum reduction (50%) in stomatal 

conductance at the maximum level of Cd and the minimum reduction (55%) was found in 

cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased stomatal conductance in 

all studied cultivar and among them the maximum increase was recorded in cultivar 

Punjab-2011. 

Substomatal CO2 concentration decreased significantly (p ≤ 0.01) in different wheat 

cultivars under different Cd regimes (Table 10). The exogenous application of SNP 

decreased substomatal CO2 concentration under different Cd levels (Fig. 10). Millat-2011 

showed maximum reduction (12.5%) in substomatal CO2 concentration at the maximum 

level of Cd and the minimum reduction (10.88%) was found in cultivar Punjab-2011. 

Foliar applied SNP (0.30 mM) increased substomatal CO2 concentration in all studied 

cultivar and among them the maximum increase was recorded in cultivar Punjab-2011. 

 

 

 

 

 

 

 

 

 

 

 

 



49 

LSD 0.05 = 0.004

0.00

0.05

0.10

0.15

0.20

0.25

0 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2

SNP 0 mM SNP 0.15 mM SNP 0.30 mM

gs
 (

m
ol

 m
-2

 s
ec

-1
)

Punjab-2011 AARI-2011 Millat-2011 Sehar-2006

LSD 0.05 = 0.740

0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

0 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2

SNP 0 mM SNP 0.15 mM SNP 0.30 mM

C
i (

µ
m

ol
 C

O2
 m

-2
 s

-1
)

Punjab-2011 AARI-2011 Millat-2011 Sehar-2006

Fig. 10. Stomatal conductance and substomatal CO2 concentration of four wheat cultivars 

exogenously treated with sodium nitroprusside (SNP) at heading stage under different Cd 

regimes. LSD, Least significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM 

concentration of Cd 
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4.2.7 Internal CO2/ ambient CO2 concentration and water use efficiency 

Internal CO2/ ambient CO2 concentration decreased significantly (p ≤ 0.01) in wheat 

cultivars under root zone Cd regimes (Table 11). The exogenous application of SNP 

decreased internal CO2/ ambient CO2 concentration (Fig. 11). Millat-2011 showed 

maximum reduction (79.54%) in internal CO2/ ambient CO2 concentration at the 

maximum level of Cd and the minimum reduction (53.52%) was found in cultivar 

Punjab-2011. Foliar applied SNP (0.30 mM) increased internal CO2/ ambient CO2 

concentration in all studied cultivar and among them the maximum increase was recorded 

in cultivar Punjab-2011. 

Root zone Cd decreased water use efficiency significantly (p ≤ 0.01) in wheat cultivars 

(Table 11). The exogenous application of SNP decreased water use efficiency (Fig. 11). 

Millat-2011 showed highest water use efficiency (27.60%) at the maximum level of Cd 

as compared to other cultivars and lowest (34.48%) water use efficiency was found in 

cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased water use efficiency in all 

studied cultivar and among them the maximum increase was recorded in cultivar Punjab-

2011. 
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Table 11: Mean square values from analysis of variance of the data for Internal 

CO2/ambient CO2 concentration and water use efficiency of wheat cultivars 

exogenously treated with sodium nitroprusside (SNP) at heading stage under 

different cadmium (Cd) regimes.     

Source of Variation df Internal 

CO2/ambient CO2 

concentration 

Water use efficiency 

Cadmium ( Cd) 4 0.14359*** 41.3074*** 

Sodium Nitroprusside (SNP) 2 0.09085*** 7.2129*** 

Cultivar (CV) 3 0.03982*** 0.7755*** 

Cd × SNP 8 0.02835*** 5.4726*** 

Cd × CV 12 0.01303*** 2.3714*** 

SNP × CV 6 0.00641*** 0.6550*** 

Cd × SNP × CV 24 0.00171*** 0.2124*** 

Error 120 0.00040 0.0781 

 

 

Table 12: Mean square values from analysis of variance of the data for APX and 

CAT activity of wheat cultivars exogenously treated with sodium nitroprusside 

(SNP) at heading stage under different cadmium (Cd) regimes.     

Source of Variation df APX  activity CAT activity 

 
Cadmium ( Cd) 4 386.548*** 90.3945*** 

Sodium Nitroprusside (SNP) 2 343.476*** 57.0356*** 

Cultivar (CV) 3 641.712*** 86.7281*** 

Cd × SNP          8 0.363ns 0.6383ns 

Cd × CV         12 3.246* 1.3089ns 

SNP × CV         6 10.724*** 0.7577ns 

Cd × SNP × CV     24 1.272ns 0.4413ns 

Error 120 1.733 1.4108 
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Fig. 11. Ci/Ca and water use efficiency of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.3 Biochemical attributes 

 

4.3.1 Leaf APX and CAT activities  

Significant increased (p ≤ 0.01) in APX actvity was observed in wheat cultivars under 

root zone Cd stress (Table 12).  Cd, CV and Cd, SNP and CV showed non significant 

differences. The use of SNP decreased APX activity (Fig. 12). Millat-2011 showed 

highest APX activity (38.16%) at the maximum level of Cd as compared to other 

cultivars and lowest (47.21%) APX activity was found in cultivar Punjab-2011. Foliar 

applied SNP (0.30 mM) decreased APX activity in all studied cultivar and among them 

the maximum increase was recorded in cultivar Millat-2011. 

Root zone Cd increased CAT activity (p ≤ 0.01) significantly in wheat cultivars (Table 

12). The interaction of Cd and SNP, Cd and CV, SNP and CV and Cd, SNP and CV 

showed no change. The exogenous application of SNP decreased CAT activity (Fig. 12). 

Millat-2011 showed highest CAT activity (41.01%) at the maximum level of Cd as 

compared to other cultivars and lowest (53.77%) APX activity was found in cultivar 

Punjab-2011. Foliar applied SNP (0.30 mM) decreased CAT activity in all studied 

cultivar and among them the minimum increase was recorded in cultivar Punjab-2011. 
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Fig. 12. APX and CAT of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.3.2 Leaf SOD and POD activity 

Significant increased (p ≤ 0.01) in SOD actvity was observed in wheat cultivars under 

different Cd regimes (Table 13). Non-significant differences were observed in Cd, SNP 

and CV interaction. The exogenous application of SNP decreased SOD activity (Fig. 13). 

Millat-2011 showed highest SOD activity (11.83%) at the maximum level of Cd as 

compared to other cultivars and lowest (16.16%) SOD activity was found in cultivar 

Punjab-2011. Foliar applied SNP (0.30 mM) decreased SOD activity in all studied 

cultivar and among them the maximum increase was recorded in cultivar Millat-2011. 

POD activity (p ≤ 0.01) increased significantly in wheat cultivars under root zone Cd 

(Table 13). A non significant difference was found in Cd x SNP, Cd x CV, SNP x CV 

and Cd x SNP x CV interaction. The exogenous application of SNP decreased POD 

activity (Fig. 13). Millat-2011 showed highest POD activity (20.59%) at the maximum 

level of Cd as compared to other cultivars and lowest (25.41%) POD activity was found 

in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) decreased POD activity in all 

studied cultivar and among them the maximum increase was recorded in cultivar Millat-

2011. 
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Table 13: Mean square values from analysis of variance of the data for SOD and 

POD activity of wheat cultivars exogenously treated with sodium nitroprusside 

(SNP) at heading stage under different cadmium (Cd) regimes.     

Source of Variation df SOD activity 

 

POD activity 

Cadmium ( Cd) 4 692.34*** 364.108*** 

Sodium Nitroprusside (SNP) 2 491.53*** 206.408*** 

Cultivar (CV) 3 2649.51*** 345.306*** 

Cd × SNP          8 3.89ns 0.349ns 

Cd × CV         12 22.14*** 3.911ns 

SNP × CV         6 8.51** 1.427ns 

Cd × SNP × CV     24 2.27ns 0.744ns 

Error 120 2.35 2.215 

 

 

Table 14: Mean square values from analysis of variance of the data for Total free 

amino acids and total soluble proteins of wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different cadmium (Cd) 

regimes.     

Source of Variation df Total free amino 

acids 

Total soluble 

proteins 

Cadmium ( Cd) 4 540.101*** 202.250*** 

Sodium Nitroprusside (SNP) 2 394.478*** 84.617*** 

Cultivar (CV) 3 182.241*** 45.648*** 

Cd × SNP          8 2.226ns 0.081ns 

Cd × CV         12 9.118***   5.083*** 

SNP × CV         6 5.996*** 1.640* 

Cd × SNP × CV     24           1.545ns 0.381ns 

Error 120           1.224              0.681 
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Fig. 13. SOD and POD of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, least significant 

difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.3.3 Leaf total free amino acids and soluble proteins 

 

Significant increased (p ≤ 0.01) in total free amino acids was observed under different Cd 

regimes in wheat cultivars (Table 14). Non-significant result was found in Cd x SNP and 

Cd x SNP x CV. The exogenous application of SNP decreased total free amino acids 

(Fig. 14). Millat-2011 showed highest total free amino acids (20.01%) at the maximum 

level of Cd as compared to other cultivars and lowest (26.05%) total free amino acids was 

found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased total free amino 

acids in all studied cultivar and among them the maximum increase was recorded in 

cultivar Millat-2011. 

Soluble proteins (p ≤ 0.01) decreased significantly in wheat cultivars under root zone Cd 

(Table 14). A non-significant difference was found in Cd x SNP and Cd x SNP x CV 

interaction. The exogenous application of SNP increased soluble proteins (Fig. 14). 

Millat-2011 showed lowest soluble proteins (59.68%) at the maximum level of Cd as 

compared to other cultivars and highest (45.72%) soluble proteins was found in cultivar 

Punjab-2011. Foliar applied SNP (0.30 mM) decreased soluble proteins in all studied 

cultivar and among them the minimum increase was recorded in cultivar Millat-2011. 
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Fig. 14. Total free amino acids and soluble proteins of four wheat cultivars exogenously 

treated with sodium nitroprusside (SNP) at heading stage under different Cd regimes. 

LSD, Least significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration 

of Cd 
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4.3.4 Leaf GB and ascorbic acid (AsA) concentration 

Root zone Cd increased (p ≤ 0.01) GB concentration significantly in wheat cultivars 

(Table 15). Non-significant differences were observed in Cd x SNP and Cd x SNP x CV 

interactions. The exogenous application of SNP decreased GB concentration (Fig. 15). 

Millat-2011 showed maximum GB (18.05%) at the highest level of Cd as compared to 

other cultivars and lowest (20.96%) GB was found in cultivar Punjab-2011. Foliar 

applied SNP (0.30 mM) increased GB in all studied cultivar and among them the 

maximum increase was recorded in cultivar Millat-2011. 

AsA concentration (p ≤ 0.01) increased significantly in wheat cultivars under root zone 

Cd levels (Table 15). The exogenous application of SNP decreased AsA concentration 

(Fig. 15). Millat-2011 showed highest AsA concentration (21.25%) at the maximum level 

of Cd as compared to other cultivars and lowest (26.67%) AsA concentration was found 

in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased AsA concentration in 

all studied cultivar and among them the maximum increase was recorded in cultivar 

Millat-2011. 
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Table 15: Mean square values from analysis of variance of the data for 

gylicinebetaine (GB) and ascorbic acid conc. (AsA) of wheat cultivars exogenously 

treated with sodium nitroprusside (SNP) at heading stage under different cadmium 

(Cd) regimes.     

Source of Variation df Glycinebetaine 

conc. (GB) 

Ascorbic acid 

conc. (AsA) 
Cadmium ( Cd) 4 14455.7*** 914.85*** 

Sodium Nitroprusside (SNP) 2  5671.4*** 1972.32*** 

Cultivar (CV) 3        25714.0*** 542.60*** 

Cd × SNP          8       51.6*** 82.23*** 

Cd × CV         12      76.5*** 15.46*** 

SNP × CV         6      40.2*** 33.26*** 

Cd × SNP × CV     24     34.6*** 7.23*** 

Error 120 2.3              1.70 

 

 

Table 16: Mean square values from analysis of variance of the data for total 

flavnoids and anthocyanin contents of wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different cadmium (Cd) 

regimes.     

Source of variation df Total flavanoids Anthocyanins 

contents 
Cadmium ( Cd) 4 285.444*** 264.118*** 

Sodium Nitroprusside    (SNP) 2 448.787*** 149.280*** 

Cultivar (CV) 3 362.855*** 176.890*** 

Cd × SNP          8 14.227*** 0.100ns 

Cd × CV         12 27.366***   3.460*** 

SNP × CV         6 8.659*** 1.553ns 

Cd × SNP × CV     24 14.500*** 0.730ns 

Error 120           0.957              0.793 
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Fig. 15. GB and AsA conc. of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.3.5 Total flavanoids and anthocyanins contents   

 

Total flavanoids decreased (p≤ 0.01) significantly in wheat cultivars under root zone Cd 

regimes (Table 16). The exogenous application of SNP increased total flavanoids (Fig. 

16). Millat-2011 showed lowest (21.25%) total flavanoids at the maximum level of Cd as 

compared to other cultivars and highest (26.67%) total flavanoids were found in cultivar 

Punjab-2011. Foliar applied SNP (0.30 mM) increased total flavanoids in all studied 

cultivar and among them the maximum increase was recorded in cultivar Punjab-2011. 

Significant decreased in anthocyanin contents (p ≤ 0.01) was observed in wheat cultivars 

under root zone Cd (Table 16). The SNP x CV, Cd x SNP and Cd x SNP x CV 

interactions showed non-significant results. The exogenous application of SNP increased 

anthocyanins contents (Fig. 16). Millat-2011 showed lowest (40.99%) anthocyanin 

contents at the maximum level of Cd as compared to other cultivars and highest (51.58%) 

anthocyanin contents were found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) 

increased anthocyanin contents in all studied cultivar and among them the maximum 

increase was recorded in cultivar Punjab-2011. 
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Fig. 16. Total flavanoids and anthocyanins of four wheat cultivars exogenously treated 

with sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 

  

 

 

 

 

 

 



65 

4.3.6 Leaf MDA and H2O2 contents 

 

Leaf MDA contents increased (p ≤ 0.01) significantly in wheat cultivars under root zone 

Cd levels (Table 17). In Cd x CV interaction, non-significant differences were observed. 

The exogenous application of SNP decreased leaf MDA contents (Fig. 17). Millat-2011 

showed highest (44.31%) MDA at the maximum level of Cd as compared to other 

cultivars and lowest (35.53%) MDA was found in cultivar Punjab-2011. Foliar applied 

SNP (0.30 mM) increased MDA in all studied cultivar and among them the maximum 

increase was recorded in cultivar Millat-2011. 

Significant increased in H2O2 contents (p ≤ 0.01) was observed in wheat cultivars under 

different Cd regimes (Table 17). The exogenous application of SNP decreased H2O2 

contents (Fig. 17). Millat-2011 showed highest (41.84%) H2O2 contents at the maximum 

level of Cd as compared to other cultivars and lowest (48.09%) H2O2 contents were 

found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased H2O2 contents in 

all studied cultivar and among them the maximum increase was recorded in cultivar 

Millat-2011. 
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Table 17: Mean square values from analysis of variance of the data for MDA and 

H2O2 contents of wheat cultivars exogenously treated with sodium nitroprusside 

(SNP) at heading stage under different cadmium (Cd) regimes.     

Source of Variation df MDA contents H2O2 contents 

Cadmium ( Cd) 4 150.351*** 81.701*** 

Sodium Nitroprusside    (SNP) 2 831.408*** 584.633*** 

Cultivar (CV) 3 116.070*** 115.898*** 

Cd × SNP          8 22.074*** 39.050*** 

Cd × CV         12 1.996ns 12.647*** 

SNP × CV         6 6.804** 14.569*** 

Cd × SNP × CV     24           3.346* 4.707*** 

Error 120           1.906           1.834 

 

  

Table 18: Mean square values from analysis of variance of the data for total 

phenolics and tocopherols of wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different cadmium (Cd) regimes.     

Source of Variation df Total phenolics Total  tocopherols 

Cadmium ( Cd) 4 8027.00*** 889.41*** 

Sodium Nitroprusside    (SNP) 2    70.82*** 1630.07*** 

Cultivar (CV) 3 2945.81*** 900.14*** 

Cd × SNP          8 381.39*** 7.50** 

Cd × CV         12 48.69*** 13.12*** 

SNP × CV         6 70.02*** 30.22*** 

Cd × SNP × CV     24 21.64***             4.06* 

Error 120            1.94             2.20 
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Fig. 17. The MDA and H2O2 contents of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.3.7 Total phenolics and tocopherols  

 

Root zone Cd increased total phenolics (p ≤ 0.01) significantly in wheat cultivars (Table 

18). The exogenous application of SNP decreased total phenolics (Fig. 18). Millat-2011 

showed lowest (21.86%) total phenolics at the maximum level of Cd as compared to 

other cultivars and highest (17.92%) total phenolics were found in cultivar Punjab-2011. 

Foliar applied SNP (0.30 mM) decreased total phenolics in all studied cultivar and among 

them the maximum increase was recorded in cultivar Punjab-2011. 

Tocopherols decreased (p ≤ 0.01) significantly in wheat cultivars under root zone Cd 

(Table 18). The exogenous application of SNP increased tocopherols (Fig. 18). Millat-

2011 showed lowest (64.57%) tocopherols at the maximum level of Cd as compared to 

other cultivars and highest (39.24%) tocopherols were found in cultivar Punjab-2011. 

Foliar applied SNP (0.30 mM) increased tocopherols in all studied cultivar and among 

them the maximum increase was recorded in cultivar Punjab-2011. 
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Fig. 18. Total phenolics and tocopherols of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.3.8 Reducing (Glucose) and non-reducing (Sucrose) sugars  

 

Glucose increased (p ≤ 0.01) significantly in wheat cultivars under root zone Cd (Table 

19). The exogenous application of SNP decreased glucose (Fig. 19). Millat-2011 showed 

highest (51.84%) glucose at the maximum level of Cd as compared to other cultivars and 

lowest (67.05%) glucose were found in cultivar Punjab-2011. Foliar applied SNP (0.30 

mM) decreased glucose in all studied cultivar and among them the maximum deccrease 

was recorded in cultivar Punjab-2011. 

Root zone Cd increased sucrose (p ≤ 0.01) significantly in wheat cultivars under (Table 

19). The exogenous application of SNP decreased sucrose (Fig. 19). Millat-2011 showed 

highest (14.74%) sucrose at the maximum level of Cd as compared to other cultivars and 

lowest (16.47%) sucrose were found in cultivar Punjab-2011. Foliar applied SNP (0.30 

mM) decreased sucrose in all studied cultivar and among them the maximum decrease 

was recorded in cultivar Punjab-2011. 

Table 19: Mean square values from analysis of variance of the data for Glucose and 

Sucrose of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes.     

Source of Variation df Reducing sugar 

(glucose) 

Non-reducing  sugar      

(sucrose) 
Cadmium ( Cd) 4 495.65*** 4001.64*** 

Sodium Nitroprusside (SNP) 2 2534.56*** 2982.30*** 

Cultivar (CV) 3 152.30*** 4887.75*** 

Cd × SNP          8 286.49*** 233.46*** 

Cd × CV         12 92.39*** 270.52*** 

SNP × CV         6 149.52*** 288.54*** 

Cd × SNP × CV     24 68.34*** 46.50*** 

Error 120           2.49                5.05 
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Fig. 19. Glucose and sucrose of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.3.9 Leaf proline concentration  

 

Leaf proline concentration increased (p≤ 0.01) significantly in wheat cultivars under root 

zone Cd regimes (Table 20). The exogenous application of SNP decreased leaf proline 

concentration (Fig. 20). Millat-2011 showed highest (35.50%) leaf proline at the 

maximum level of Cd as compared to other cultivars and lowest (42.57%) leaf proline 

were found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) decreased proline in 

all studied cultivar and among them the minimum decrease was recorded in cultivar 

Millat-2011. 

Table 20:  Mean square values from analysis of variance of the data for proline 

conc. of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes.     

Source of Variation df Proline concentration 

Cadmium ( Cd) 4 354.25*** 

Sodium Nitroprusside (SNP) 2 2706.06*** 

Cultivar (CV) 3 1808.80*** 

Cd × SNP          8     96.78*** 

Cd × CV         12    22.68*** 

SNP × CV         6   141.40*** 

Cd × SNP × CV     24    12.42*** 

Error 120                      2.30 
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Fig. 20. Proline concentration of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4 Minerals Contents 

4.4.1 Cadmium (Cd) contents in shoots and roots 

Shoot Cd increased (p ≤ 0.01) significantly in wheat cultivars under root zone Cd stress 

(Table 21). The exogenous application of SNP decreased shoots Cd (Fig. 21). Millat-

2011 showed highest (92.83%) shoots Cd at the maximum level of Cd as compared to 

other cultivars and lowest (95.66%) shoots Cd was found in cultivar Punjab-2011. Foliar 

applied SNP (0.30 mM) decreased shoots Cd in all studied cultivar and among them the 

maximum decrease was recorded in cultivar Punjab-2011. 

Root zone Cd increased root Cd (p ≤ 0.01) significantly in wheat cultivars under (Table 

21). The exogenous application of SNP decreased root Cd (Fig. 21). Millat-2011 showed 

highest (99.49%) roots Cd at the maximum level of Cd as compared to other cultivars and 

lowest (99.42%) roots Cd was found in cultivar Punjab-2011. Foliar applied SNP (0.30 

mM) decreased roots Cd in all studied cultivar and among them the maximum decrease 

was recorded in cultivar Punjab-2011. 

Table 21: Mean square values from analysis of variance of the data for shoot and 

root Cd of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes.   

Source of Variation  df Shoot Cd Root Cd 

Cadmium ( Cd)  4 19118.1*** 2235278*** 

Sodium Nitroprusside    (SNP) 2 5049.3*** 229679*** 

Cultivar (CV) 3 50.4*** 227374*** 

Cd × SNP          8 362.9*** 20946*** 

Cd × CV         12 162.8*** 67751*** 

SNP × CV         6 59.9*** 8280*** 

Cd × SNP × CV     24 27.8*** 2681*** 

Error 120             2.4              73 
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Fig.21. Shoot and root Cd of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4.2 Cadmium (Cd) contents in seeds  

 Significant increased (p ≤ 0.01) in seed Cd was observed in wheat cultivars under root 

zone Cd regimes (Table 22). The exogenous application of SNP decreased seed Cd (Fig. 

22). Millat-2011 showed highest (85.74%) seed Cd at the maximum level of Cd as 

compared to other cultivars and lowest (91.73%) seed Cd was found in cultivar Punjab-

2011. Foliar applied SNP (0.30 mM) decreased seed Cd in all studied cultivar and among 

them the maximum decrease was recorded in cultivar Punjab-2011. 

Table 22: Mean square values from analysis of variance of the data for seed Cd 

concentration of wheat cultivars exogenously treated with sodium nitroprusside 

(SNP) at heading stage under different cadmium (Cd) regimes.   

Source of Variation df Seed Cd 

Cadmium ( Cd) 4 4371.16*** 

Sodium Nitroprusside    (SNP) 2 821.83*** 

Cultivar (CV) 3 105.79*** 

Cd × SNP          8 41.83*** 

Cd × CV         12 47.94*** 

SNP × CV         6 14.11*** 

Cd × SNP × CV     24 5.05** 

Error 120 2.12 
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Fig. 22. Seed Cd concentration of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4.3 Manganese (Mn) contents in shoot and root 

Shoot Mn decreased (p ≤ 0.01) significantly in wheat cultivars under different root zone 

Cd regimes (Table 23). The exogenous applications of SNP increased shoot Mn (Fig. 23). 

Millat-2011 showed maximum reduction (49.50%) in shoot Mn at the maximum level of 

Cd and minimum reduction (40.09%) in shoot Mn was found in cultivar Punjab-2011. 

Foliar applied SNP (0.30 mM) increased shoot Mn in all studied cultivar and among them 

the maximum increase was recorded in cultivar Punjab-2011. 

Root zone Cd decreased root Mn (p ≤ 0.01) significantly in wheat cultivars (Table 23). 

The exogenous application of SNP increased root Mn (Fig. 23). Millat-2011 showed 

maximum reduction (32.41%) in root Mn at the maximum level of Cd and minimum 

reduction (27.84%) in root Mn was found in cultivar Punjab-2011. Foliar applied SNP 

(0.30 mM) increased root Mn in all studied cultivar and among them the maximum 

increase was recorded in cultivar Punjab-2011. 

Table 23: Mean square values from analysis of variance of the data for Shoot and 

Root Mn of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes.   

Source of Variation df Shoot Mn Root Mn 

Cadmium ( Cd) 4 2810.36*** 7922.80*** 

Sodium Nitroprusside (SNP) 2 975.82*** 1632.51*** 

Cultivar (CV) 3 4999.08*** 1528.23*** 

Cd × SNP          8 266.55*** 692.37*** 

Cd × CV         12 70.97*** 1115.17*** 

SNP × CV         6 14.11***   80.60*** 

Cd × SNP × CV     24 68.84***   72.24*** 

Error 120            2.98                 3.52 
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Fig. 23. Shoot and root Mn of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4.4 Zinc (Zn) contents in shoot and root 

Significant decreased in shoot Zn (p ≤ 0.01) was found in wheat cultivars under root zone 

Cd (Table 24). The exogenous applications of SNP increased shoot Zn (Fig. 24). Millat-

2011 showed maximum reduction (23.62%) in shoot Zn at the maximum level of Cd and 

minimum reduction (20.92%) in shoot Zn was found in cultivar Punjab-2011. Foliar 

applied SNP (0.30 mM) increased shoot Zn in all studied cultivar and among them the 

maximum increase was recorded in cultivar Punjab-2011. 

Root Zn decreased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd (Table 

24). The exogenous application of SNP increased root Zn (Fig. 24). Millat-2011 showed 

maximum reduction (18.91%) in root Zn at the maximum level of Cd and minimum 

reduction (13.09%) in root Zn was found in cultivar Punjab-2011. Foliar applied SNP 

(0.30 mM) increased root Zn in all studied cultivar and among them the maximum 

increase was recorded in cultivar Punjab-2011. 

Table 24: Mean square values from analysis of variance of the data for Shoot and 

Root Zn of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot Zn Root Zn 

Cadmium ( Cd) 4 4317.08*** 8153.7*** 

Sodium Nitroprusside    (SNP) 2 2051.07*** 4841.4*** 

Cultivar (CV) 3 1033.66*** 17113.5*** 

Cd × SNP          8 494.65*** 199.9*** 

Cd × CV         12 237.38*** 446.1*** 

SNP × CV         6 26.39*** 43.6*** 

Cd × SNP × CV     24 25.36*** 17.7*** 

Error 120           2.39                2.8 
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Fig. 24. Shoot and root Zn of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4.5 Sulphur (S) contents in shoot and root 

Root zone Cd decreased shoot S (p ≤ 0.01) significantly in wheat cultivars (Table 25). 

The exogenous SNP increased shoot S (Fig. 25). Millat-2011 showed maximum 

reduction (72.30%) in shoot S at the maximum level of Cd and least decline (64.32%) in 

shoot S was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased 

shoot S in all studied cultivar and among them the maximum increase was recorded in 

cultivar Punjab-2011. 

Root S decreased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd regimes 

(Table 25). The exogenous SNP increased root S (Fig. 25). Millat-2011 showed 

maximum reduction (66.16%) in root S at the maximum level of Cd and least decline 

(33.56%) in root S was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) 

increased root S in all studied cultivar and among them the maximum increase was 

recorded in cultivar Punjab-2011. 

Table 25: Mean square values from analysis of variance of the data for Shoot and 

Root S ofwheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot S Root S 

Cadmium ( Cd)  4 750.510*** 3686.6*** 

Sodium Nitroprusside    (SNP) 2 683.332*** 2040.2*** 

Cultivar (CV) 3 95.823*** 15561.2*** 

Cd × SNP          8       237.743***      713.2*** 

Cd × CV         12 8.416***       54.4*** 

SNP × CV         6 36.456***       15.1*** 

Cd × SNP × CV     24 6.704***      17.7*** 

Error 120          1.432                   2.7 
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Fig. 25. Shoot and root sulphur (S) of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4.6 Chloride (Cl) contents in shoot and root 

 

Significant decreased in shoot Cl (p ≤ 0.01) was observed in wheat cultivars under 

different root zone Cd regimes (Table 26). The exogenous SNP increased shoots Cl (Fig. 

26). Millat-2011 showed maximum reduction (24.94%) in shoot Cl at the maximum level 

of Cd and least decline (21.81%) in shoot Cl was found in cultivar Punjab-2011. Foliar 

applied SNP (0.30 mM) increased shoot Cl in all studied cultivar and among them the 

maximum increase was recorded in cultivar Punjab-2011. 

Root zone Cd decreased Root Cl significantly (p ≤ 0.01) in wheat cultivars (Table 26).  

The exogenous SNP increased roots Cl (Fig. 26). Millat-2011 showed maximum 

reduction (67.03%) in root Cl at the maximum level of Cd and least decline (34.79%) in 

root Cl was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased root 

Cl in all studied cultivar and among them the maximum increase was recorded in cultivar 

Punjab-2011. 

Table 26: Mean square values from analysis of variance of the data for Shoot and 

Root Cl of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot Cl Root Cl 

Cadmium ( Cd)  4 4014.52*** 356131*** 

Sodium Nitroprusside (SNP) 2 1098.96*** 88454*** 

Cultivar (CV) 3 886.32*** 877828*** 

Cd × SNP          8 825.72*** 62670*** 

Cd × CV         12 48.59*** 6739*** 

SNP × CV         6 76.35*** 9007*** 

Cd × SNP × CV     24 15.40*** 5490*** 

Error 120 3.43 34 
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Fig. 26. Shoot and root chloride of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4.7 Potassium (K) contents in shoot and root 

Root zone Cd decreased shoot K (p ≤ 0.01) significantly in wheat cultivars (Table 27). 

The exogenous SNP increased shoots K (Fig. 27). Millat-2011 showed maximum 

reduction (75.94%) in shoot K at the maximum level of Cd and least decline (57.36%) in 

shoot K was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased 

shoot K in all studied cultivar and among them the maximum increase was recorded in 

cultivar Punjab-2011. 

Root K decreased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd regimes 

(Table 27). The exogenous SNP increased root k (Fig. 27). Millat-2011 showed 

maximum reduction (77.77%) in root K at the maximum level of Cd and least decline 

(63.91%) in root K was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) 

increased root K in all studied cultivar and among them the maximum increase was 

recorded in cultivar Punjab-2011. 

Table 27: Mean square values from analysis of variance of the data for Shoot and 

Root K of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot K Root K 

Cadmium ( Cd)  4 611.708*** 403.425*** 

Sodium Nitroprusside    (SNP) 2 104.017***  97.067*** 

Cultivar (CV) 3 128.317*** 85.650*** 

Cd × SNP          8 102.746*** 124.775*** 

Cd × CV         12 11.442*** 8.877*** 

SNP × CV         6 2.417** 6.711*** 

Cd × SNP × CV     24 4.313*** 3.882*** 

Error 120          0.789              0.917 
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Fig. 27. Shoot and root K of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at P ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4.8 Phosphorous (P) contents in shoot and root 

Significant decreased in shoot P (p ≤ 0.01) was observed in wheat cultivars under root 

zone Cd (Table 28). The exogenous SNP increased shoots P (Fig. 28). Millat-2011 

showed maximum reduction (70.53%) in shoot P at the maximum level of Cd and least 

decline (48.48%) in shoot P was found in cultivar Punjab-2011. Foliar applied SNP (0.30 

mM) increased shoot P in all studied cultivar and among them the maximum increase was 

recorded in cultivar Punjab-2011. 

Root zone Cd decreased root P significantly (p ≤ 0.01) in wheat cultivars (Table 28). 

Non-significant difference was found in Cd x CV, SNP x CV and Cd x SNP x CV 

interactions. The exogenous SNP increased roots P (Fig. 28). Millat-2011 showed 

maximum reduction (77.27%) in root P at the maximum level of Cd and least decline 

(65.05%) in root P was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) 

increased root P in all studied cultivar and among them the maximum increase was 

recorded in cultivar Punjab-2011. 

Table 28: Mean square values from analysis of variance of the data for shoot and 

root P of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot P Root P 

Cadmium ( Cd) 4 50.827*** 65.1298*** 

Sodium Nitroprusside    (SNP) 2 24.460*** 6.9632*** 

Cultivar (CV) 3 176.705***           0.5328ns 

Cd × SNP          8 14.878*** 21.1876*** 

Cd × CV         12 1.523** 0.6297ns 

SNP × CV         6 6.159*** 0.6056ns 

Cd × SNP × CV     24 1.119** 0.8324ns 

Error 120           0.548            0.6392 
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Fig.28. Shoot and root P of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 

  

 

 

 

 

 



90 

4.4.9 Shoot and root Magnesium (Mg) contents  

Root zone Cd decreased shoot Mg (p ≤ 0.01) significantly in wheat cultivars (Table 29). 

The exogenous SNP increased shoots Mg (Fig. 29). Millat-2011 showed maximum 

reduction (32.86%) in shoot Mg at the maximum level of Cd and least decline (23.76%) 

in shoot Mg was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased 

shoot Mg in all studied cultivar and among them the maximum increase was recorded in 

cultivar Punjab-2011. 

Root Mg decreased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd regimes 

(Table 29). The exogenous SNP increased roots Mg (Fig. 29). Millat-2011 showed 

maximum reduction (48%) in root Mg at the maximum level of Cd and least decline 

(42.69%) in root Mg was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) 

increased root Mg in all studied cultivar and among them the maximum increase was 

recorded in cultivar Punjab-2011. 

Table 29: Mean square values from analysis of variance of the data for shoot and 

root Mg of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes. 

Source of Variation  df Shoot Mg Root Mg 

Cadmium ( Cd) 4 46.9103*** 46.0026*** 

Sodium Nitroprusside    (SNP) 2 18.1446*** 28.5189*** 

Cultivar (CV) 3 6.5656*** 32.3397*** 

Cd × SNP          8 10.1645*** 10.2507*** 

Cd × CV         12 0.2352*** 0.8963*** 

SNP × CV         6 0.4531*** 0.4674*** 

Cd × SNP × CV     24 0.1383*** 0.1153** 

Error 120         0.0276            0.0515 
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Fig. 29. Shoot and root Mg of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 

 

 

 

 

 



92 

4.4.10 Shoot and root iron (Fe) contents   

Significant decreased in shoot Fe (p ≤ 0.01) was observed in wheat cultivars under root 

zone Cd regimes (Table 30). Non-significant difference was found for Cd x SNP x CV 

interaction. The exogenous SNP increased shoots Fe (Fig. 30). Millat-2011 showed 

maximum reduction (34.29%) in shoot Fe at the maximum level of Cd and least decline 

(24.76%) in shoot Fe was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) 

increased shoot Fe in all studied cultivar and among them the maximum increase was 

recorded in cultivar Punjab-2011. 

Root zone Cd decreased root Fe significantly (p ≤ 0.01) in wheat cultivars (Table 30). 

The exogenous SNP increased roots Fe (Fig. 30). Millat-2011 showed maximum 

reduction (29.98%) in root Fe at the maximum level of Cd and least decline (24.60%) in 

root Fe was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased root 

Fe in all studied cultivar and among them the maximum increase was recorded in cultivar 

Punjab-2011. 

Table 30: Mean square values from analysis of variance of the data for shoot and 

root Fe of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot Fe Root Fe 

Cadmium ( Cd) 4 42.8950*** 43.1051*** 

Sodium Nitroprusside (SNP) 2 15.3489*** 6.5800*** 

Cultivar (CV) 3 17.8824*** 23.9436*** 

Cd × SNP          8 7.2430*** 9.9424*** 

Cd × CV         12 1.1836*** 0.8638*** 

SNP × CV         6         0.6266** 2.8055*** 

Cd × SNP × CV     24         0.2570ns 0.6102*** 

Error 120         0.2040            0.2453 
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Fig. 30. Shoot and root Fe of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4.11 Calcium (Ca) contents in shoot and root 

Root zone Cd decreased shoot Ca (p ≤ 0.01) significantly in wheat cultivars (Table 31). 

The interaction of Cd x CV, SNP x CV and Cd x SNP x CV indicate non-significant 

differences. The exogenous SNP increased shoots Ca (Fig. 31). Millat-2011 showed 

maximum reduction (63.78%) in shoot Ca at the maximum level of Cd and least decline 

(39.81%) in shoot Ca was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) 

increased shoot Ca in all studied cultivar and among them the maximum increase was 

recorded in cultivar Punjab-2011. 

Root Ca decreased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd regimes 

(Table 31). The Cd x SNP x CV interaction indicates non-significant differences. The 

exogenous SNP increased roots Ca (Fig. 31). Millat-2011 showed maximum reduction 

(72.25%) in root Ca at the maximum level of Cd and least decline (41.86%) in root Ca 

was found in cultivar Punjab-2011. Foliar applied SNP (0.30 mM) increased root Ca in 

all studied cultivar and among them the maximum increase was recorded in cultivar 

Punjab-2011. 

Table 31: Mean square values from analysis of variance of the data for shoot and 

root Ca of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at 

heading stage under different cadmium (Cd) regimes. 

Source of Variation df Shoot Ca Root Ca 

Cadmium ( Cd) 4 377.231*** 528.13*** 

Sodium Nitroprusside    (SNP) 2 79.706*** 24.82*** 

Cultivar (CV) 3 788.089*** 2462.44*** 

Cd × SNP          8 63.539*** 47.39*** 

Cd × CV         12 1.853ns 44.19*** 

SNP × CV         6 1.328ns 3.88** 

Cd × SNP × CV     24 1.161ns 1.22ns 

Error 120           1.139               1.09 
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Fig.31. Shoot and root Ca of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.4.12 Leaf NO contents 

Leaf NO increased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd (Table 

32). The exogenous SNP increased leaf NO (Fig. 32). Millat-2011 showed minimum 

increase (58.33%) in leaf NO at the maximum level of Cd as compared to other cultivars 

and maximum increased (35.66%) in leaf NO was found in cultivar Punjab-2011. Foliar 

applied SNP (0.30 mM) increased leaf NO in all studied cultivar and among them the 

maximum increase was recorded in cultivar Punjab-2011. 

Table 32: Mean square values from analysis of variance of the data for leaf NO of 

wheat cultivars exogenously treated with sodium nitroprusside (SNP) at heading 

stage under different cadmium (Cd) regimes.  

Source of Variation df Leaf NO 

Cadmium ( Cd) 4 7293.1*** 

Sodium Nitroprusside    (SNP) 2 4876.4*** 

Cultivar (CV) 3 22441.2*** 

Cd × SNP          8       40.2*** 

Cd × CV         12     160.6*** 

SNP × CV         6      185.0*** 

Cd × SNP × CV     24        65.7*** 

Error 120                         2.3 
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Fig. 32. Leaf NO of four wheat cultivars exogenously treated with sodium nitroprusside 

(SNP) at heading stage under different Cd regimes. LSD, Least significant difference at p≤ 0.05; 

± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 

  

4.5 Yield attributes 

4.5.1 Fertile and Non-Fertile Tillers 

Root zone Cd decreased fertile tillers (p ≤ 0.01) significantly in wheat cultivars (Table 

33). For Cd x SNP, SNP x CV non-significant differences were indicated and Cd x SNP x 

CV interactions showed significant differences. The exogenous SNP increased fertile 

tillers (Fig. 33). Millat-2011 showed maximum reduction (54.01%) in fertile tillers at the 

maximum level of Cd and least decline (55.46%) in fertile tillers was found in cultivar 

Punjab-2011. Foliar applied SNP (0.30 mM) increased fertile tillers in all studied cultivar 

and among them the maximum increase was recorded in cultivar Punjab-2011. 

Non fertile tillers decreased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd 

(Table 33). Interactions of Cd x SNP, Cd x CV, SNP x CV and Cd x SNP x CV indicate 

the non-significant differences. The exogenous SNP increased non fertile tillers (Fig. 33). 

Millat-2011 showed maximum reduction (54.01%) in non fertile tillers at the maximum 

level of Cd and least decline (55.46%) in non fertile tillers was found in cultivar Punjab-
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2011. Foliar applied SNP (0.30 mM) increased non fertile tillers in all studied cultivar 

and among them the maximum increase was recorded in cultivar Punjab-2011. 

Table 33: Mean square values from analysis of variance of the data for fertile and 

non fertile tiller of wheat cultivars exogenously treated with sodium nitroprusside 

(SNP) at heading stage under different cadmium (Cd) regimes. 

Source of Variation df Fertile tiller Non fertile tiller 

Cadmium ( Cd) 4 21.9361*** 23.5361*** 

Sodium Nitroprusside    (SNP) 2 17.0667*** 33.3167*** 

Cultivar (CV) 3 4.8148*** 2.2889*** 

Cd × SNP          8 0.0736ns 0.4069ns 

Cd × CV         12 0.7176** 0.4880ns 

SNP × CV         6 0.4148ns 0.2500ns 

Cd × SNP × CV     24 0.0606ns 0.1088ns 

Error 120          0.2778            0.3278 
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Fig. 33. Fertile and non-fertile tillers of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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 4.5.2 Spikelets/spike and grains/spike 

Root zone Cd decreased spikelets/spike (p ≤ 0.01) significantly in wheat cultivars (Table 

34). The interaction of Cd x SNP SNP x CV and Cd x SNP x CV indicate non-significant 

differences. The exogenous SNP increased spikelets/spike (Fig. 34). Millat-2011 showed 

maximum reduction (48.54%) in spikelets/spike at the maximum level of Cd and least 

decline (41.17%) in spikelets/spike was found in cultivar Punjab-2011. Foliar applied 

SNP (0.30 mM) increased spikelets/spike in all studied cultivar and among them the 

maximum increase was recorded in cultivar Punjab-2011. 

Grains/spike decreased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd 

regimes (Table 34). The exogenous application of SNP increased grains/spike (Fig. 34). 

Millat-2011 showed maximum reduction (35.48%) in grains/spike at the maximum level 

of Cd and least decline (21.15%) in grains/spike was found in cultivar Punjab-2011. 

Foliar applied SNP (0.30 mM) increased grains/spike in all studied cultivar and among 

them the maximum increase was recorded in cultivar Punjab-2011. 

Table 34: Mean square values from analysis of variance of the data for 

spikelet/spike and grains/spike of wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different cadmium (Cd) regimes. 

Source of Variation df Spikelet/spike Grains/spike 

Cadmium ( Cd) 4 267.286*** 1674.93*** 

Sodium Nitroprusside    (SNP) 2 105.450*** 1490.22*** 

Cultivar (CV) 3 242.474*** 3926.88*** 

Cd × SNP          8 0.790ns    5.29** 

Cd × CV         12  2.608***    26.37*** 

SNP × CV         6           1.124ns   42.41*** 

Cd × SNP × CV     24           0.807ns   7.04*** 

Error 120           0.683               2.00 
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Fig. 34. Spikelet/spike and grains/spike of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.5.3 Grain yield/plant and 100-grain weight 

Grain yield/plant decreased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd 

regimes (Table 35). Cultivars also differed significantly with respect to this attribute. The 

exogenous application of SNP increased grain yield/plant (Fig. 35). Millat-2011 showed 

maximum reduction (53.19%) in grain yield/plant at the highest level of Cd and least 

decline (37.14%) in grain yield/plant was found in cultivar Punjab-2011. Foliar applied 

SNP (0.30 mM) increased grain yield/plant in all studied cultivar and among them the 

maximum increase was recorded in cultivar Punjab-2011. 

Root zone Cd decreased 100-grain weight (p ≤ 0.01) significantly in wheat cultivars 

(Table 35). The exogenous application of SNP increased 100-grain weight (Fig. 35). 

Millat-2011 showed maximum reduction (37.90%) in 100-grain weight at the maximum 

level of Cd and least decline (23.26%) in 100-grain weight was found in cultivar Punjab-

2011. Foliar applied SNP (0.30 mM) increased 100-grain weight in all studied cultivar 

and among them the maximum increase was recorded in cultivar Punjab-2011. 

Table 35: Mean square values from analysis of variance of the data for grain 

yield/plant and 100-grain weight of wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different cadmium (Cd) regimes. 

Source of Variation df Grain yield/plant 100-grain weight 

Cadmium ( Cd) 4 3009.35*** 32.7694*** 

Sodium Nitroprusside    (SNP) 2 1848.24*** 15.9282*** 

Cultivar (CV) 3 213.95*** 13.2907*** 

Cd × SNP          8 6.61*** 0.1809*** 

Cd × CV         12 59.79*** 0.4953*** 

SNP × CV         6 48.76*** 0.0751*** 

Cd × SNP × CV     24 7.49*** 0.0707*** 

Error 120          1.68            0.0131 
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Fig. 35. Grain yield and 100-grain wt. of four wheat cultivars exogenously treated with 

sodium nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least 

significant difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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4.5.4 Spike Length 

 Spike length decreased significantly (p ≤ 0.01) in wheat cultivars under root zone Cd 

regimes (Table 35). The non-significant differences were observed for SNP x CV and Cd 

x SNP x CV interactions. The exogenous application of SNP increased spike (Fig. 35). 

Millat-2011 showed maximum reduction (13.86%) in spike length at the maximum level 

of Cd and least decline (11.85%) in spike length was found in cultivar Punjab-2011. 

Foliar applied SNP (0.30 mM) increased spike length in all studied cultivar and among 

them the maximum increase was recorded in cultivar Punjab-2011. 

Table 36: Mean square values from analysis of variance of the data for spike length 

of wheat cultivars exogenously treated with sodium nitroprusside (SNP) at heading 

stage under different cadmium (Cd) regimes. 

Source of variation  df Spike length (cm) 

Cadmium ( Cd) 4 44.9574*** 

Sodium Nitroprusside (SNP) 2 24.3905*** 

Cultivar (CV) 3 16.7491*** 

Cd × SNP          8 0.0904** 

Cd × CV         12 1.1878*** 

SNP × CV         6 0.5622*** 

Cd × SNP × CV     24 0.1612*** 

Error 120 0.0258 
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Fig. 36. Spike lengths of four wheat cultivars exogenously treated with sodium 

nitroprusside (SNP) at heading stage under different Cd regimes. LSD, Least significant 

difference at p ≤ 0.05; ± SE. 0, 0.3, 0.6, 0.9 and 1.2 represent the mM concentration of Cd 
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Chapter 5 

 

DISCUSSION 

 

Strategies to lessen Cd toxicity in plants depend on the better understanding of Cd-

induced physio-biochemical, metabolic and nutritional alterations that can affect the 

translocation of Cd among different tissues. Most part of the Cd remained in the roots 

after entering the plant system (Wagner, 1993). SNP lessen the damaging effects of Cd in 

a diversity of plant species (Kopyra et al., 2006). The current studies showed that higher 

Cd concentrations are responsible for more Cd addition in the roots than shoots and seed 

(Amirjani, 2012). The root being directly in contact with Cd has the ability to obtain 

much more Cd. In contrast, the increase of Cd contents into the root and the shoot was 

found temporally controlled exhibiting a two phase model for Cd accumulation. For 

instance, strong increases had been described at low Cd concentration following slower 

increases at higher Cd concentrations in maize (Krantev et al. 2008). The SNP treatment 

suppressed the Cd-induced increases of Cd accumulation in wheat cultivars. Plants could 

store Cd in the vacuole and cell walls (Zhang et al., 2009).  

The roots have critical role in metal stress because it is the first barrier for Cd entry. The 

higher Cd addition in the root alters root growth and its growth could be considered as a 

key trait for Cd tolerance (Wilkins, 1978). In the current work, Cd accumulation 

increased in the roots with increasing Cd stress, however, among the cultivars, root-shoot 

Cd transportation was variable. The difference in the translocation of Cd revealed the 

variable response of cultivars to tolerate Cd regimes. In the shoot of Punjab-2011 small 

amount of Cd was found followed by AARI-2011 at all Cd levels whereas Millat-2011 

transfered more Cd to the shoot followed by Sehar-2006. Based on the highest Cd 

translocation factor (TF), Millat-2011 exhibited susceptibility to Cd toxicity when 

compared with other cultivars. Differential genotypic response of Cd was reported in rice.  

The higher Cd concentrations reduced the lengths of shoot and root and other growth 

parameters as compared with control. The decrease in growth of cucumber by Cd is also 

reported (Zhang et al., 2002), and bean (Ismail, 2008). Various factors are involved for 
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the growth reduction at different Cd levels. Exogenous SNP enhances the growth of 

control and Cd-treated plants. The enhancements in growth attributes obtained throught 

exogenous SNP varied considerably in different cultivars under different Cd regimes. 

Less number of leaves was found in a plant grown under Cd toxicity. Leaf size also 

decreased with different Cd concentrations. Moreover, general chlorosis symptoms was 

originate in the leaves grown under Cd stress which were more evident in the plants 

treated with higher (1.2 mM) Cd concentration. Cd affects the younger plants than the 

grown-up plants. The exogenous NO improved the leaf area plant-1 and the number of 

leaves both in control and Cd-treated plants.  

In the growth medium higher Cd level decreased the total Chl contents of leaves. Rising 

amount of Cd also decreased the Chl a and b contents in the leaves. As a result, Cd 

treatments also decreased Chl a/ b ratio. The effect of high Cd concentrations has been 

reported earliar in the Chl contents. In the root growing medium, Cd stress drastically 

reduced the gas exchange attributes. On the other hand, exogenous application of SNP 

enhanced these gas exchange attributes. On several plant species, adverse effects of Cd 

toxicity had been recognized responsible for increases in the overproduction of ROS 

(DiToppi and Gabbrielli, 1999). The lipid peroxidation end product in the form of MDA 

is involved in the deterioration of biological systems through reactive free radicals (Hsu 

and Kao, 2007). Under Cd stress, higher leaf H2O2 and MDA contents were observed that 

damaged membrane and increased its permeability (Popova et al., 2009). The use of SNP 

inhibited Cd-induced increases in the H2O2 and MDA contents. Among cultivars, Millat-

2011 suffered much more with Cd stress and had higher levels of MDA and H2O2 

compared to other cultivars.  

With the improved capacity to scavenge ROS improves tolerance to heavy metal toxicity. 

Due to the differences in scavenging mechanisms, plants suffer varied oxidative stress 

(Gomez et al., 1999). The APX and CAT enzymes removed H2O2 (Vanacker et al. 1998). 

POD metabolized H2O2 under Cd-toxic regimes (Zhao et al. 2008). The plants Cd 

tolerance correlated with endogenous GR levels. The APX activity increased under Cd 

stress to detoxify H2O2. Nitric oxide (NO) application mitigated Cd toxicity in the leaves 

of sunflower (Laspina et al. 2005).  
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It is estimated that heavy metals are involved in the lipid peroxidation and fragmentation 

of proteins as a result of toxic effects of ROS, which could cause decline in the protein 

contents (Davies et al. 1987). In contrast, NO enhanced soluble proteins contents that 

were decreased due to Cd stress. To remove Cd toxicity on peanut growth, the exogenous 

application of NO enhanced the antioxidant ability which was accompanied by the 

improvement in proteins contents.  

Cd stress decreased proline contents while NO application enhanced its endogenous 

concentrations. In peanut plants, NO enhanced antioxidant abilityand helped in resuming 

the growth (Chandrashekhar & Sandhyarani 1996), and can also act as an antioxidant. In 

the present study, proline accumulation was observed under Cd stress.  The use of NO 

and the interaction of NO with Cd improved the contents of proline to raise Cd resistance 

in wheat. Therefore, the results suggested that NO application can affect proline 

biosynthesis. The protective role of NO possibly is due to its regulatory effects on the 

endogenous proline contents. 

Under Cd stress, the enhancement in proline concentration altered reducing and non-

reducing sugars and the amino acids contents. Under Cd stress, the accumulating sugars 

provided an adaptive system through osmoregulation in the rice plants. Root or shoot Cd 

concentration correlated positively with proline, sugars, amino acids, and negatively with 

leaf water and osmotic potentials (Ψw and Ψs respectively) suggesting that Cd stress 

induced water shortage might stimulated proline and sugars. The application of SNP 

under Cd stress provided favourable effects on reducing and non-reducing sugars, amino 

acids and proline contents. By increasing the contents of amino acids, the plants 

responded to different stresses (Pant et al., 2011). Millat-2011 produced the highest 

proline contents and thus reduced the Cd toxicity. Cd increased the accumulations of 

amino acids in accordance with earlier studies (Hsu and Kao, 2003). Under Cd stress, 

soluble sugars accumulated possibly to regulate the osmotic potential (Chardonnens et 

al., 1998).  

AsA has involvement in scavenging the ROS. In Cd stress the use of SNP enhanced AsA 

contents. In rice, the application of SNP lowered the thiobarbituric acid reactive 

substances, H2O2 and O2
– (Zhao et al., 2013). Application of SNP lowered the AsA 

contents which exposed the protective role of SNP under the elevating Cd stress. 



109 

Amongst the cultivars, Millat-2011 showed the highest AsA contents indicating its 

susceptibility to Cd toxicity.  

The production of α-tocopherol and phenolics suppressed in Cd stress and the application 

of SNP affected their metabolism. The application of NO and the interaction of NO with 

Cd probably improved the contents of proline to increase resistance to Cd stress in wheat. 

A number of solutes accumulate under Cd stress. They are helpful to protect them from 

metal stress but the process is largely unknown. In our work NO decrease leaf amino 

acids and GB. The increase in Cd concentration at all levels increased leaf total free 

amino acids and GB. The combined effect of SNP and Cd reduced the leaf amino acids 

and GB. Among the cultivars, more enhancements in leaf GB and amino acids were 

noted in the Millat-2011 as compared with other cultivars under different Cd regimes. 

The uptake of P, K, Ca, and Fe is inhibited by Cd toxicity that disturbs intracellular ion 

homeostasis and exerts a toxic effect in the plants. In our work, Cd reduced the nutrients 

uptake whereas the application of NO altered K, Ca, and Fe uptake (Zhu et al., 1998). It 

is also beneficial for uptake of other macronutrients (Kahn & Hanson, 1957). NO 

increased K uptake and thus ameliorated the Cd toxicity. The exogenous use of NO 

improved the Ca concentrations. NO stimulated Fe uptake. Such stimulation could 

increase the incorporation of P, K, Ca, and Fe under Cd stress. The results suggested that 

NO could improve ionic balance in the cells. In our studies, more Cd was found in the 

roots than shoots, and the least Cd accumulation in the seed. Cd concentration in different 

tissue of pea grown in Cd-polluted soil decreased with the use of NO. Furthermore, the 

accumulation of Ca inhibited Cd accumulation in pea. Cd can compete with 

micronutrients based on their physiochemical properties (Papoyan et al., 2007). 

 The membrane potential provides a driving force in the root epidermal cells for the 

contaminated metals and cations uptake. In addition, such competitions between Cd and 

mineral nutrients resulted in mineral deficiency. Optimum mineral nutrients availability 

reduced Cd toxicity in different tissue of diverse wheat cultivars. Under Cd-induced 

stress, the severe reductions in the nutrients except Fe were found in the leaf as compared 

with root where maximum reductions were evident. Under Cd-induced stress, SNP 

improved the contents of mineral nutrients. In many plants, Cd through the Ca channel 

thereby lowering transpiration rate and photosynthesis. By the dilution effect, P has the 
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ability to neutralize Cd toxicity. In this context, K reduced H2O2 and MDA contents and 

thus protected the plants from Cd toxicity. Such correlations of P and K with H2O2 and 

MDA contents are already suggested in the literature.The PC thiol-based substances 

could also reduce Cd toxicity (Rauser, 2000) by formation of complexes with the 

phytochelatins in the cytosol (Stolt et al., 2003).  

Yield attributes of wheat cultivars such as number of fertile and non-fertile tillers, 

number of spikelets/spike, and spike length decreased under Cd stress while the 

application of SNP enhanced these attributes irrespective of cultivars. However, the 

maximum reduction in the yield under Cd stress was found in the Millat-2011. The use of 

SNP exogenously with Cd improved the productivity of wheat plants at all Cd levels. 



111 

CONCLUSIONS 

 The Cd decreased growth, chlorophyll contents, gas exchange attributes, total 

flavonoids, anthocyanin contents, leaf relative water contents, soluble proteins, total 

phenolics, uptake of essential nutrients and grain yield although improved leaf relative 

membrane permeability, total free amino acids, proline, glycinebetain (GB) 

concentrations, reducing and non-reducing sugars, MDA and H2O2, ascorbic acid 

contents and the activity of APX, SOD, POD and CAT irrespective of wheat cultivars. 

There was a effective role of exogenous SNP, particularly 0.30 mM in recovering shoots 

and roots fresh and dry biomasses, chlorophyll contents, photosynthetic rate, total 

flavonoids, anthocyanin contents, LRWC, soluble proteins, uptake  of  essential nutrients, 

total phenolics and grain yield in Cd stress. In addition, SNP inverted the effects of Cd on 

leaf relative membrane permeability, total free amino acids, proline, glucose and sucrose, 

MDA, H2O2 and the activity of antioxidant enzymes. The finding showed the 

effectiveness of foliar application of SNP at heading stage in reducing the Cd toxicity in 

wheat and thus suggested its application in heavy metal polluted environments. 

 

FUTURE PROSPECTS 

There is further need to learn the adverse effects of Cd under the influence of SNP at the 

sub cellular, molecular and gene levels as well as to explore the distribution of Cd in the 

organelles. The variations in the uptake and translocation of Cd in the wheat cultivars 

could also be used in future breeding programs to develop Cd resistant wheat cultivars. 

Furthermore, the genetic basis of Cd accumulation in the grains could also be unravelled 

to produce Cd free grains for reducing Cd related health hazards. 
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Chapter 6 

SUMMARY 

 

The Cd showed more toxicity than other heavy metals and wheat (Triticum aestivum L.) 

shows sensitivity to heavy metal stress. The current work was planned to assess the 

physiological and biochemical mechanisms modulated by SNP that might could mitigate 

the Cd toxicity in wheat cultivars. For this study, four wheat cultivars were exposed to 

different levels of Cd (control, 0.3, 0.6, 0.9 and 1.2 mM) without or with exogenous SNP 

(0, 0.15 and 0.30 mM). Our findings showed that for the increasing Cd concentrations, 

with or without the presence of SNP, all the cultivars showed variations to tolerance 

against Cd toxicity. Among the cultivars, Punjab-2011 responded better followed by 

AARI-2011 and Sehar-2006 while the Millat-2011 proved to be sensitive to Cd. 

Root growth affected more than shoot growth with Cd while the use of SNP improves 

these attributes. No. of leaves and leaf area reduced at all Cd levels as compared with 

control but when SNP applied, increases were observed in these parameters. Similarly 

chlorophylls and gas exchange attributes showed reduction under Cd stress while the 

application of SNP enhanced these attributes. Cd toxicity reduced the mineral ions like P, 

K, Ca, S, Cl, Fe, Mg, Mn and Zn accumulation in plant organs but SNP application 

helped in nutrients acquisition.  SNP mitigated Cd toxicity by triggering the uptake of 

nutrient ions. In wheat plants, SNP improved Cd tolerance. On the contrary, Cd 

accumulation increased consistently in the plant organs compared with controls as its 

concentration increased but the more Cd content was found in the roots with respect to 

shoots. The foliar application of SNP decreased Cd contents in different wheat tissues. 

Biochemical analysis revealed that all free proline, total free amino acids, soluble 

proteins, reducing and non-reducing sugars and GB increased with the increase of Cd 

concentration whereas decline was noted in these contents when SNP was applied. 

Cd adversely affected water contents and membrane permeability of leaf in the wheat 

plants. Millat-2011 showed more reduction in the leaf relative water contents than other 

cultivars while the less membrane permeability was observed in the Punjab-2011. The 

application of SNP further increased leaf relative water contents and reduced membrane 

permeability. Reductions in the membrane permeability were observed more in the 
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Punjab-2011 whereas higher leaf relative water contents due to SNP application were 

found in the Millat-2011 in Cd stress. The increases in MDA and H2O2 contents 

increased oxidative stress while application of SNP altered antioxidants metabolism and 

thereby tolerance in wheat cultivars.  

Different grain yield attributes of wheat cultivars decreased under Cd stress while the 

application of SNP enhanced these attributes and overall grain yield per plant. More 

reductions in the grain yield under Cd stress were found in the Millat-2011. Application 

of SNP increased grain yield in wheat cultivars under different Cd regimes. Our findings 

suggest that SNP could alleviate Cd toxicity by activating various Cd tolerance 

mechanisms including enhancement in antioxidants and nutrients acquisitions. 
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	By using Folin-Ciocalteu method Julkenen-Titto (1985) the contents of total phenolics were determined. For this 0.5 mL of extract (methanol) sample was taken in a test tube and Folin-Ciocalteu reagent having volume of 0.1 mL was added in it. At 700 nm...

